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ABSTRACT
This thesis examines the influence of the stress paths and 
consolidation history on the results of dynamic penetration tests 
and on the deformation behaviour of a sand,and the implications of 
the results on settlement predictions in granular material. For 
this purpose, specimens of saturated Leighton Buzzard sand were 
prepared in the laboratory inside a triaxial chamber 435 mm in 
diameter x 660 mm high, by sedimentation in water. After prestressing 
through different stress paths, dynamic penetration tests were 
performed on the specimens, penetration from each blow was recorded, 
and pore water pressure developed under the tip and at two different 
levels along the side of the penetrometer with elapsed time was 
measured by connecting the transducers inside the penetrometer to 
a system which enable a desk-top computer to store the results on 
cartridges with two channels. The results can be processed at any 
time using the same computer. Attempts to measure the acceleration 
and the velocity of the penetrometers were made by fixing an 
accelerometer inside the penetrometer and connecting it to the same 
system to be recorded and processed. High speed photography was 
used to find the elapsed time required for the penetrometer under 
each blow. The scale effect on the penetration resistance was 
examined by running tests using different sized penetrometers.
In the second phase of testing a large number of stress path 
tests were carried out on the same sand having the same density 
under computer control in Bishop Wesley cell, following the stress 
paths used in the large triaxial chamber. At the end of each stress 
path a standard increment of av ‘ = 100 kN/m^, c^ ' = 30 kN/m^ was 
applied to simulate the stress increase on an element of soil beneath
a foundation. Vertical strains under this standard increment were
used to calculate a tangent deformation modulus (Mt) where
Mt = — = -1?9- . Different available laboratory methods were tried 
A£a
to find the value of the coefficient of earth pressure at rest (K0) 
for the same sand at same density. A computer programme was prepared 
to find K0 under computer control in the Bishop-Wesley cell, and 
a new technique for finding KQ was developed with a new transducer 
using the (Hall effect) phonomenon which enabled the operater to 
control the lateral pressure by means of a desk-top computer.
The results showed-that the stress level has a great effect on the 
penetration resistance and a small effect on the compressibility of 
the sand, while the prestressing of the sand has a large effect on 
the compressibility and very small effect on the penetration, 
resistance.
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NOTATION
The following is a list of the main symbols used in this 
investigation. Other symbols are defined in the text as they 
appeared on the original papers.
Mt = Tangent deformation modulus.
CU = Coeffecient of uniformity.
= Dry density.
(j)1 = Effective angle of internal friction,
a = Angle of shear failure.
av = Axial stress.
= Cell pressure.
P = Lower pressure chamber.
A = Sample area,
a = Bellofram seal area.
W = Weight of loading ram.
H.P.(hp) = Hewlett packard.
D = Diameter of the specimen,
h = Hight of the specimen.
K0 = Coeffecient of earth pressure at rest.
cxv' = Effective vertical stress.
g '^ = Effective lateral stress.
Pc = Corrected pressure.
p^ = Pressure from the reading of the lower chamber control!
ms = Millisecond.
A = The change in.
e_ = Axial strain.
a
h' = Height of specimen before applying the increment.
6 = Deflection before applying the increment in mm.
6' = Deflection by AGy1 in pm.
S.I. = Standard increment.
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1.1 THE PROBLEMS OF ESTIMATING DEFORMATION IN GRANULAR MATERIAL
The design of footings on granular soil is generally governed 
by deformation, as the two considerations usually crucial to the 
overall performance of a structure placed on a soil are the 
maximum load the soil can carry and the deformation of the soil under 
working load. Therefore the accurate prediction of deformation in 
sand is of great importance to the soils engineers. Many methods 
are available for predicting settlements. Among these are the 
penetration tests which include the dynamic and static tests. All 
the methods give different values of overestirnation or underestimation, 
depending on the method itself and any corrections introduced. 
Settlements records for existing structures can be used to assess 
the predictive abilities of different methods, and hence modifications 
of the existing methods. The SPT test is widely used to predict 
settlement of foundations on granular soil, and yet the interrelation 
between compressibility and the dynamic penetration resistance of 
granular soil is not understood. The accuracy of deformation 
estimates for foundations on granular soil from dynamic penetration 
tests depends on the factors which affect sand compressibility and 
the correspondence with the factors which affect penetration 
resistance. From the literature it is clear that these factors have an 
entirely different influence on soil compressibility and penetration 
resistance. The work of this thesis reviews these factors and 
examines specific factors,"stress path"and"stress history" for 
one type of soil having the same density under laboratory conditions 
in order to understand the effect of these two factors on the predic­
tion of settlement from dynamic penetration tests. Very limited
1
CHAPTER 1
INTRODUCTION
2work has been done on the effect of the stress path and the over­
consolidation ratio on the penetration resistance of granular 
material. Lambrechts and Leonards (1978) studied the effect of 
stress path and the prestressing of the sand on its compressibility 
and the static cone penetration resistance. They carried out two 
tests only under low confining pressure on the penetration resistance 
and they found that the preconsolidation of granular soil has 
a very small effect on penetration resistance. These results can 
be questioned because of the low specimen penetrometer diameter 
ratio used in their work.
1.2 THE OBJECTIVE AND OUTLINE OF THIS WORK
In Chapters 2 and 3 of this work a brief review of dynamic 
penetration tests, their application and evaluation is given.
A study of the work of other researchers shows various procedures 
and considerable difference in dynamic penetration tests, the use 
of the results and the factors affecting the results, of the penetration 
tests. Different types of calibration chambers are discussed, and 
especially the one developed at the University of Surrey which was 
used for this work. The procedures for performing dynamic penetration 
tests inside calibration chambers under conditions of controlled 
densities, homogeneity, stress condition and preconsolidation 
condition is also explained in Chapter 3.
In Chapter 4 a review of the compressibility of granular soil 
shows most of the factors which influence the compressibility of 
granular soils; these are divided into two broad headings: stress 
dependent factors and material dependent factors (following Daramola 
1978). Chapter 5 reviewes the work on the coefficient of earth 
pressure at rest (K ). In this Chapter the parameters which
influence Kq of granular soils are explained and typical values are 
given, laboratory methods available with the comments on each of 
them are explained briefly, and the field methods are also reviewed.
The chapter concludes that KQ consolidation testing in the triaxial 
cell using a visual lateral strain indicator (Bishop and Henkel 1957) 
is very tiring and can be misleading, but it remains one of the 
easiest methods for K0 testing of sand.
Chapter 6 describes the properties of the soil used in this research 
and the technique of sample preparation for the triaxial chamber, 
Bishop-Wesley cell, Rowe cell and 100 mm triaxial cell. Also in this 
chapter, the details of the apparatus used in this research are 
outlined; in particular, the equipment employed to find the pore water 
pressure generated around the tip and the side of the penetrometer, 
the acceleration of the penetrometer, and the detail of the penetrometer 
itself which can accommodate two transducers and an accelerometer.
The system used for the stress path tests under computer control in 
Bishop-Wesley cell is also explained in the same chapter, as are two 
new techniques for K0 testing in the laboratory, one using a volume 
change algorithm and the other a caliper with a Hall effect 
semiconductor to monitor the lateral deformation.
Chapter 7 discusses the results of the penetration resistance 
in terms of blows/100 mm penetration, for two types of sand, with 
different densities and different stress levels. The results 
of different types of tests on dense uniform fine Leighton Buzzard 
sand are also shown in this chapter. Pore water pressure generated 
during penetration testing inside the large triaxial chamber is 
plotted against time for most of the blows, and the results of 
compressibility tests on the same sand with the same density are 
shown. Kq test results using different laboratory methods on the
3
4As the desk-top computer was used in most of the tests of 
this work, to control the tests or to record the results, or 
to do both, 20 tape cartridges containing the results of different 
tests considered as part of the thesis, where all the cartridges with 
their contents in detail are tabulated so that they can be processed at 
any time in the future.Typical results are plotted and shown in the 
appendix of this thesis. 17 cartridges each contain 50 data files 
and most of the files have two channels. Each channel contains 2048 
eight bit results which are programmed to be plotted on a plotter 
using the same computer. The total numbers stored in the cartridges 
are estimated to be about 3 millions and the number of graphs are 
estimated to about 1500. Chapter 8 and 9 contain the analyses of the 
test results and the conclusions with suggestions for future work 
and further areas which can be of assistance in the prediction of 
settlements in granular soil.
1.3 PORE WATER PRESSURES GENERATED DURING DYNAMIC PENETRATION TESTING
The study of pore water pressures generated during penetration 
has recently helped very much in the interpretation of the penetration 
results.
Terzaghi and Peck (1948) recommended a correction for standard 
Penetration Test (SPT) results in very fine or fine silty sands below 
the ground water table. They proposed a reduction of the number of 
blows required to penetrate the split spoon of the SPT 0.30 m in 
the soil (the N-value) when it was greater than 15. The assumption 
was that dense sands would dilate during driving, and as a result negative 
pore water pressures would be generated during dynamic penetration,
same sand w ith  the same d e n s ity  are  exp la ined  in  th is  ch ap te r .
5which would increase the effective stresses and hence increase the 
N-values and overestimate the density of the sand. Thus loose sands 
under groundwater might be expected to generate positive excess pore 
pressures, and reduce driving resistance.
Plantema (1957) and Drozd (1965, 1974) carried out penetration 
tests on dry,moist and saturated sands to establish the influence 
of pore water pressure.Both observed differences in penetration 
resistance in dry, moist and saturated sands, and Drozd (1965) 
recorded a rise of water level in pizometers installed in a container 
filled with a loose saturated sand, whereas in saturated compacted 
sand a fall of the water level was recorded. Minimal changes in the 
water level in the piezometer were recorded in the sample at a medium 
relative density. The changes of water level in the piezometers 
tubes were recorded when the penetrometer was driven by a blow.
Generally it is seen that all the sands tested in a saturated 
condition encounter a lower blow count up to relative densities of 
about 80% and higher blow counts than dry sands with relative 
densities above 80%. In the first European Symposium on Penetration 
Testing in Stockholm (1974) the importance of the phenomenon of the 
generation of excess pore water pressure around the tip of a penetro­
meter was voiced by many Engineers (Bemben and Mayers, Hansbo, Janbu 
and Senneset, Senneset and Schmertmann) and in the Group Discussion 
on future developments at the same symposium, they pointed out that 
it is of special importance to study the pore water pressure 
developed around the tip of a penetrometer and the rate effects during 
quasi-static penetration. Schmertmann (1974) showed that negative 
pore pressures can greatly increase cone resistance in some sand and 
that positive pore pressures can greatly reduce the penetration 
resistance in some cohesive soils due to decrease in effective stress.
6No attention was given to the pore water pressures developed during 
dynamic penetration. It is not easy to measure the excess pore 
water pressure during dynamic penetration, as a system with a very 
rapid response rate is required. The development of the piezometer 
probe by Torstensson (1975) and Wissa et al (1975) has recieved a 
great deal of attension. Many papers were also published in the 
Second European Symposium on Penetration Testing held in Amsterdam 
(1982), mostly for the excess pore water pressure during pile driving. 
Clayton and Dikran (1982) measured the pore water pressure generated 
around the tip of a penetrometer during dynamic penetration testing 
inside a calibration chamber in the laboratory. Using three different 
systems, a chart recorder, a desk computer and an oscilloscope, they 
observed that the chart recorder failed to measure the pore pressure 
at the moment of the impact of the hammer, and they found that the 
computer also did not measure the real values of pore pressures and in 
many instance, as it missed the peak values of the pore pressures.
They introduced a storage oscilloscope which produced satisfactory 
traces of the pore pressure developed at the moment of the initial 
impact of the hammer. Dikran (1983) took photographs of the pore 
pressures developed for every blow during the dynamic penetration 
test. He used a 35 mm reflex camera to photograph the traces from 
the storage oscilloscope. The work of the present research introduced 
to the system explained by Clayton and Dikran (1982) and Dikran (1983) 
a transient recorder with two independent signal inputs each of 
which can digitize and store waveforms at a maximum sample rate of 
1 MHz per channel. Each signal is recorded simultaneously in a 
2048 sample memory. The signal remains stored unless a fresh record 
has to be taken, or the power removed from the instrument. The 
transient recorder was connected to a desk-computer which can take 
the records from each blow on two channels and store them in a
7cartridge where the results can be analysed and transferred to 
a plotter or printer at any time. Baligh and Vivatrat (1979) 
demonstrated the pore pressure measurements during steady static * 
cone penetration in clay at the standard velocity of 1 to 2 cm/sec. 
They showed that pore pressure is not uniform at different locations 
on the cone and shaft behind it. An example is shown in Fig. 1.1.
It is to be noted that pore pressure at the tip, mid-height and 
the base of the cone are almost constant (curves 1, 2 and 3). 
Furthermore, pore pressure decreases behind the cone for a distance 
of 4 to 5 times the shaft diameter, d, and is more or less constant 
up to a distance of 11 d. A penetrometer to accommodate two 
transducers or transducer and accelerometer was designed and used 
in conjunction of the transient recorder. The detail of the 
instruments used for recording the pore water pressure is found in 
Chapter 6 of this thesis.
PORE PRESSURE, u . CkPa>
0 500 1000 1500
FIG. 1 .1 EFFECT OF FILTER POSITION ON PORE PRESSURE
MEASUREMENTS (FROM BALIGH AND VIVATRAT, 1979)
CHAPTER 2
PENETRATION TESTS IN GRANULAR MATERIAL
2.1 DYNAMIC PENETRATION TESTS
Dynamic penetration tests employ, as their energy source, a 
series of blows from a hammer of known mass being dropped through a 
constant distance onto an anvil. The latter is usually fitted to 
the top of the rods connecting the penetrometer to surface or seated 
directly on the pipe to be driven into the soil. The penetration 
resistance of the stratum being tested is found by the number of 
blows required to penetrate a given distance. When very high 
resistances from the ground are met, the distance penetrated for
a given number of blows may be reported.
Dynamic penetration tests and penetrometers in use may be divided 
into four main categories namely, dynamic penetration tests in general, 
which are usually standarised locally, continentally, or privately 
within piling companies, German standard (DIN 4094, 1974), the well 
known standard penetration test (SPT), and dynamic penetration tests 
with pore pressure measurements, each of which will be briefly treated 
in the following sections.
2.1.1 Dynamic Penetration Tests in General
Various procedures and considerable differences in the geometry
of penetrometers are in current use. The height of fall and mass of
the hammer used to drive the penetrometer assembly can vary significantly. 
The energy may range from 10 kg. falling through 0.50 m. (kinetic 
energy = 49 Nm.) of the Kunzel light dynamic penetrometer, noted by 
Schultze and Knausenberger (1957) to 2000 kg falling through 3.0 m.
10
(kinetic energy = 60 kN.n.) of the dynamic penetration test by 
Franki pile which is performed during the forming of the pile on site.
In addition to these variables, the test can also be undertaken at
either specified intervals of depth usually in a borehole or
continuously, in which case it is termed "dynamic probing".
The sub-committee on penetration tests for use in Europe 
(Anon 1977) in their report, recommended dynamic probing tests, types 
A and B which related to the larger and smaller sizes of penetrometer 
respectively, Fig. 2.1 shows the dimensions of both types.
(a) (b )
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Fig. 2.1. POINTS AND ROD FOR DYNAMIC PROBING DPA (a) AND 
DPB (b). After Anon (1977).
Dynamic probing type A abbreviated to DPA, should be regarded as a 
reference test, the friction between the soil and the extension rods 
being negligible. The second type, DPB, is simpler and more economical 
than method A. It is also more in the nature of a reconnaissance
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test than DPA, since the friction between the soil and the extension 
rod is only partially controlled.
The driving equipment is the same for both methods however, 
with DPA, drilling mud or casing is employed to eliminate friction 
along the extension rods, whilst DPB is performed without either aid. 
Anon (1977) have suggested that the friction along the extension 
rods in the DPB test can be estimated by measuring the torque required 
to rotate them. Fig. 2.1 indicates the dimensional details of both 
types of probing points. Both DPA and DPB, which are both classified 
as heavy dynamic probing, and are employed in predominantly granular 
soils. The test is usually repeated at vertical intervals of 0.20 m, 
unless the resistance is noted to vary within that interval, in which 
case the interval should be reduced to every 0.10 m. The terms "fixed" 
or "lost" applied to the points of the DPA and DPB in Fig. 2.1 refer 
to the fact that with this type of probing, having completed a series 
of soundings at one location, the penetration rods may be withdrawn, 
leaving the point in place, in which case it is lost. Alternatively, 
the point may be fitted to the rods such that it can be withdrawn and 
reused. Light dynamic probing is frequently used in central 
Europe, the method being popular in West Germany (Anon 1968) and 
Bulgaria (Stefanoff and Bajkoff, 1974). However whilst Anon (1977) 
acknowledged the light probing test, no recommendations were provided 
for the test. Schultze and Knausenberger(1957) reported on comparative 
tests, conducted using three static and six dynamic penetrometers 
of conventional types as shown in Fig. 2.2. Two of them (No 5 and 6) 
employ casing which involves more time in taking a series of tests 
or soundings.
S p l i t  sp o o n
s a m p le r .
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p e n e t ra t io n
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_______ A __
D y n a m ic  p e n e t ro m e te r s
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c lo s e d  o p e n  (M o o g )  (K l in z e l)  ( B r u n n e r )  (S tu m p )
w ith o u t  w i th
c a s in g  c a s in g
Fig. 2.2. A RANGE OF DYNAMIC PENETRATION PROBS.
AFTER SCHULTZE AND KNAUSENBERGER (1957)
Talbot (1982) described a number of dynamic penetrometers which 
are in use in both France and USSR. The essential features of these 
instruments, together with other penetrometers apparently in use, 
and those employed by Schultze and Knausenberger (1957) are given 
in Table 2.1 for comparative purposes.
In order to overcome problems when using the split-spoon of 
the SPT in coarse granular soils, proposals have been made to 
employ a 60° apex cone at the tip of the penetrometer. Meyerhof
(1956) used a 51 mm diameter cone on a solid rod, whilst Palmer and 
Stuart (1957) also employed a 51 mm diameter cone, but fitted to the 
end of the SPT spoon sampler. Since that time several studies have 
been conducted to investigate the differences between different 
diameter cones, when correlating the results obtained from them with
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the standard penetration test. Mohan et al (1970) described tests 
which used six different cone diameters, varying from 43.75 mm to 
75 mm and a 63.5 kg hammer dropping 0.76 m (energy 473 Nm).
On the basis of their results, they recommended a cone diameter of
62.5 mm for standardisation and direct correlation with the SPT.
Narahari et al (1965) studied the effect of 60° apex cones 
with a base diameter varying from 12.7 mm to 31.75 mm., attached to 
rods of slightly smaller diameter. These tests employed a 0.25 kg 
mass falling a height of 0.15 m. (energy = 0.4 Nm) Mohan and Sen 
Gupta (1970) described a similar implement with a cone base diameter 
of 64 mm and, based on earlier work by Sen Gupta and Aggarwal 
(1966), they used bentonite slurry to eliminate skin friction on 
the driving rods. A 54 kg mass falling through 0.305 mm 
(162 Nm) was used. The use of the dynamic cone penetration test 
has also been proposed for evaluating moduli of deformation, by 
Schultze and Biedermann (1977), modulus of compressibility and 
density by Schultzeand Melzer (1965), and by Farrent (1963), who 
used cone test data to predict the behaviour of a grain silo and 
an oil tank in Australia.
TABLE 2.1 : DYNAMIC PENETROMETERS-A SELECTION
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Penetrometer Country of 
origin diameter
m
cone 
apex angle 
0
mass
kg
Hammer
ht of drop 
m
Delivered
energy
Nm
Reference
Light dynamic W. Germany/ 
Bulgaria
35.6 60 10 0.50 49 ANON (1968)
Medium dynamic W. Germany 35.6 60 30 0.20 59 HAFELI et al (1951)
Heavy dynamic W. Germany 43.7 60 50 0.50 245 ANON (1968)
Bevac Switzerland 35.6 - 30 0.20 59 SANGLERAT (1972)
CEBTP light duty France - - 10 0.5 49 SANGLERAT (1972)
CEBTP heavy duty France 44 - 50 0.50 245 SANGLERAT (1972)
Fondasol France 60 - 100 0.30 294 CASSAN (1969)
Sermes France 70 90 30/60/90 0.40 118-353 PFISTER (1974)
Dynatest France - 700 1.00 6965 SANGLERAT (1972)
Swedish ram 
sounding
Sweden 40 x 40 
square
- 63.5 0.5/0.6 311/374 BERGDAIL & 
DAHLBERG (1973)
Borro dynamic Sweden 44 - 70 0.5/0.75 342/515 SANGLERAT (1972)
Hand operated USSR 74 60 60 0.80 471 SANGLERAT (1972)
UBP-15 USSR 74 60 60 0.80 471 BONDARIX (1962)
UBP-20 USSR 74 60 60 0.80 471 SANGLERAT (1972)
IOPS USSR 74 60 60/80/100 0.80-1.00 471-981 SHASKOV (1962)
TSNIIS USSR 35.6 30 10 1.00 98 SANGLERAT (1972)
Woodward-clyde 
light wt.
USA 33.3 60 15.4 0.61 92 LACROIX & 
HORN (1972)
Mackintosh probe UK 27.0 45 40 0.32 12.6 CLAYTON et al 
(1982)
Standard Penetra­
tion test (a)
USA 50.8e/34.9i split spoon 63.5 0.76 473 FLETCHER (1965)
Standard Penetra­
tion test (b) USA 50.8 60 63.5 0.76 473 PALMER & STUART 
(1957)
Dynamic cone 
test
India 64 60 54.4 0.76 405 MOHAN & SEN GUPTA 
(1970)
VEB-Baugrund E. Germany 43.5 - 50 0.50 245 HAUSNER & SPERLING 
(1974)
Maag heavy W. Germany 43.7 90 50 0.50 245 SCHULTZE & 
KNAUSENBERGER (1957)
Brunner heavy W. Germany 62 90 50 0.33 163 SCHULTZE & 
KNAUSENBERGER (1957)
Stump middle W. Germany 35 60 25.4 0.20 50 STUMP (1953)
DPA (heavy) W. Germany 62 90 63.5 0.75 467 ANON (1977)
DPB (heavy) W. Germany 51 90 63.5 0.75 467 ANON (1977)
(T a lb o t  1982)
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This standard is based on recommendations of a joint committee 
of the Arbeitsgruppe Baugrund (working group of subsoil)and 
the Arbeitskreis "sonden" (working group on penetrometer) for the 
German Institute of Standardization and German Society for earth 
works and foundation Engineering respectively.
The purpose is to standarize dynamic penetrometers and 
their cones, so as to acheive reproducible results (Table 2.2)
2 .1 .2  DIN 4094 (1974) on Dynamic P en e tra t io n  Tests
Table 2.2. DRIVING DEVICES FOR DYNAMIC PENETROMETERS
Apparatus
Code number
Mass of pile 
hammer
kg
Drop height 
cm
Mass of driving 
device without 
pile hammer 
kg
Light-weight
dynamic
LRS 10 50 6
Medium-weight
dynamic
MRS A 30 20 6
penetrometer MRS B 30 50 18
Heavy-weight
dynamic
penetrometer
SRS 50 50 18
from DIN 4094-1974
The driving device without the hammer means the parts moved 
by the blow (the anvil and the guide rod). The cones with a larger 
diameter than the rod (Fig. 2.3) have been selected for the stipulated 
diameters of light-weight, medium-weight and heavy-weight dynamic 
penetrometers (Table 2.3) in order to reduce skin friction along 
the rod. The cones may be designed to be expendable in order to 
reduce the force necessary for pulling the penetrometer out of the 
ground.
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Fig. 2.3. CONE OF DYNAMIC PENETROMETER (AFTER DIN 4094) 
Table 2.3. DIFFERENT SIZES OF PENETROMETER.
Apparatus Cross section Diameter of cone
type
Light-weight dynamic
code No. 
LRS 5
of cone 
F (cm2) 
5
d
cm
2.52
Medium-weight dynamic 
penetrometer
LRS 10 
MRS A10 
MRS B10
10 3.56
Heavy-weight dynamic 
penetrometer
SRS 10 10 3.56
SRS 15 15 4.37
From DIN 4094
The frequency of hammer blows has been fixed by the standard 
to be 15 to 30 blows per minute, if possible without a pause. It is 
of minor importance in the case of permeable sands and gravels but 
does influence the results in the less permeable soils. For 
cohesion!ess soil the frequency can be increased up to 60 blows 
per minute. The number of blows required for 10 cm penetration 
must be counted and the results must be plotted with number of 
blows per 10 cm penetration (a -|q ) along the x-axis and the depth 
of penetration along the y-axis. The type of dynamic penetrometer 
used and the dimensions of the cone must be stated. When comparing
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the results of soundings using different cones, instead of the 
number of blows, the hammer energy referred to the volume displaced 
by the cone for 10 cm penetration may be plotted along the 
x-axis.
Where A = Hammer energy, referred to the volume displaced in 
3
kN. cm/cm
R = Mass force of the hammer in kN
h = Drop height in cm
F = Cone cross-section in cm^
n-|0= Number of blows for 10 cm penetration 
It is possible to carry out dynamic sounding in a borehole in which 
the standard split spoon of (ASTM D1586-58T) can be used instead of 
the heavy-weight dynamic penetrometer.
2.1.3 The Standard Penetration Test (S.P.T)
The other major dynamic penetration test is the standard 
penetration test, or S.P.T, which was used originally in the United 
States of America and developed out of the need to recover soil 
samples during the investigation for bored piles. It is now in
widespread use in the English and German speaking world. The
SPT apparatus (BS 1377:1975) consists of a thick-walled split 
tube or spoon sampler 50 mm diameter, tapered at its lower end 
and split longitudinally. The "split tube" is lowered to the bottom 
of borehole on rods, and driven into the ground using a 63.5 kg
hammer falling through 0.76 m freely by repeated blows. In the
U.K. it is normal to count the number of blows for each 75 mm of 
450 mm penetration. The first two counts are usually discarded 
because the material at the bottom of the borehole will have been
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loosened by the action of boring the hole; the last four blow counts 
are added together to give the SPT "N" value.
The test is specified by the American Society for Testing and
Materials, ASTM D1586-67. In the United Kingdom it is defined in
BS1377:1975 and BS5930-1981 (formerly CP2001), whilst in Germany 
it is specified in DIN 4094 (1974). The test is also widely employed 
in Japan, Far East,Middle East countries, and Brazil. De Mello 
(1971) presented a most exhaustive state of the art paper on the 
standard penetration test, in which 350 papers were reviewed in 
connection with his report. According to Fletcher (1965) the 
dimensions of the split spoon were not standarised in its original 
form, and the "N" value may sometimes be the sum of the two lowest 
blow counts; but this does not comply with ASTM D1586-67.
B.S' 1377:1975, ASTM designation D1586-67 and the I.S.S.M.F.E.' S 
report of the subcommittee on the penetration test for use in
Europe have all provided standard (if slightly different) details
of the split spoon. Three types of split spoon are commonly used 
in practice: the American, the British and the Brazilian draft 
standard MB 1211-1978 as shown in (Fig. 2.4). The American and 
the British are similar except that the American spoon has a ball 
check valve at the head. The Brazilian has a spanner flats on the 
cutting shoe in order to undo it more easily, this may affect the 
results of the S.P.T. Schmertmann (1979) stated that "almost all 
samples used in the U.S. today have enlarged i.d. to hold liners, 
but, drillers almost always use them without liners".This can 
affect the sample recovery and the result of the S.P.T. An 
international standard for the use of the S.P.T. in Europe has 
been issued by the International Society for Soil Mechanics and 
Foundation Engineering which goes towards decreasing the problems 
which affect the S.P.T. results, by specifying careful cleaning
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F I G  : 2 . 4  Standard Penetration Test S p l i t  Spoons 
(After  Clayton et  a l ,  1982)
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of the borehole before the test, maintaining the water level in the 
borehole at ground level during the test, keeping the casing always 
above the test level. The use of the cone on the split spoon
instead of the shoe and should be referred to as "S.P.T
(cone)". Palmer and Stuart , (1957) stated that the S.P.T (cone) 
must be used in gravelly soil to avoid high "N" values as a results 
of large particles lodging in the normal shoe.
2.1.4 Dynamic Penetration with Pore Pressure Measurements
Clayton and Dikran (1982) reviewed an experimental investigation 
to study the excess pore water pressures set up around the tip of 
a dynamic penetrometer. The penetrometer consisted of a 20 mm diameter 
by 0.20 mm long 60° cone ended stainless steel probe (Fig. 2.5) 
mounted on a thinner hollow rod. The end of the cone was formed of
porous stone, and behind this tip was mounted a miniature pore
pressure transducer (Druck PDCR81). The penetrometer was driven into 
the sand inside a calibration chamber built in the laboratory, by an 
automatic trip hammer which allowed a 10 kg weight to fall freely 
through any specified fixed distance onto a striker plate screwed 
to the top of the penetrometer rod. The design of the hammer is 
similar to the one used in U.K. for the SPT on site, on a smaller 
scale as shown in Fig. 2.6 . The weight and height of drop of the 
hammer could be altered to give any energy required. For comparison 
a 10 kg hammer falling freely through 431 mm was estimated to give 
a similar range of "N" values as is achieved by the full scale SPT.
The response of the tip to pore pressure changes in the 
surrounding soil is clearly of great importance. ■ Three recording 
devices were used. The transducer was linked through an IEEE-488 
compatible strain gauge amplifier to a storage oscilloscope,
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a chart recorder, and microcomputer. This system allowed the 
acquisition of both the slow and rapid transient pressures. Fig. 2.6 
shows the general layout of the test and the chamber.
2.2 QUASI-STATIC PENETRATION TESTS
The static cone penetration test (ASTM D3441), was introduced 
in the 1930's. The test is carried out by advancing a 60° apex 
angle cone with a base area of 1000 mm^ into the soil at a rate 
of between 15-20 mm/sec. No borehole is needed, and the cone is 
supported on hollow tube with an outside diameter of 36 mm.
2.2.1 Dutch Cone Penetrometers
The original cone and the mechanical Delft cone 
described by Vermeiden (1948) are shown in Fig.- 2.7.
15mmC
a X
60°
V
( a ) O n g in o l Dutch Cone ( b )  Im p ro ved Deltt Cone
Fig. 2.7. ORIGINAL DUTCH CONE AND IMPROVED DELFT CONE 
(LOUSBERG et al 1974)
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The mechanical Delft cone is used in general in Holland and it 
overcomes the major problems of the original one where soil 
particles could get between the cone and the bottom end of the rod.
The Delft cone can be advanced a head of the rods a distance of 
80 mm by pushing down on a string of 15 mm solid rods which extend 
inside the outer hollow rods up to the surface. During this stage 
the load on the cone is measured after recording the cone resistance 
the outer rods are pushed down by 200 mm: during the last 120 mm the 
cone and rods move together. The cone is then advanced once more, 
so that intermittent readings are obtained at 200 mm depth intervals. 
Begemann (1965) increased the value of the Delft cone as an engineering 
tool by introducing the friction Jacket (Fig. 2.8).
Fig. 2.8. THE BEGEMANN FRICTION CONE (L0USBERG et al. 1974)
p
He added a separate sleeve of 36 mm diameter and 150 cm wall area
p
to the 1000 mnr cone, which can be also moved independently of the 
outer rods. At high cone resistance, loads of up to 10 tonnes may 
need to be applied to the cone. At 30 m depth, the compression of 
the inner rods may be of the same order as the 80 mm stroke used 
in a Delft cone,- and the cone will then not advance ahead of the 
outer rods.
2.2.2 The Electric Sounding Cone
The electrical sounding cone overcomes many of the difficulties 
on Dutch cone penetrometers. Joustra (1973) and Heijnen (1974) described 
how the electrical system for the measurement of the cone and 
friction sleeve resistance is implemented in the cone. The latter 
is connected by an electrical cable, passing inside the sounding 
tubes to an automatic recording apparatus, which is situated inside 
the sounding vehicle, adjacent to the hydraulic press. The electrical 
cone has a fixed connection with the string of sounding tubes and 
measurements are taken continuously, at a constant rate of penetra­
tion of 2 mm/second into the ground. There have been a 
number of electrical sounding cones developed during the last 
30 years, but most of these have been employed on special research 
work to investigate the interpretation of sounding results. However 
there are two different types currently available in Holland 
(Heijnen, 1974) and the UK for routine commercial use (Rodin et al,
1974).
A simple cylindrical jacket with cone has been developed 
and is in use by Fugro Limited. De Ruiter (1971) described their 
basic penetrometer, shown in Fig. 2.9 (a), together with an electrical 
friction cone penetrometer Fig. 2.9 (b) which is also in use by this
company.
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TABLE 2.4. COMPARISON BETWEEN MECHANICAL AND ELECTRICAL DUTCH 
CONE TESTS (FROM De RUITER, 1971)
Mechanical Cones Electrical Cones
a) advantages
i) rugged
ii) simple to use
iii) relatively cheap
b) disadvantages
i) friction between inner 
and outer rods
ii) tapered mantle-friction 
varies depending on 
ground conditions
iii) inner rod compression 
may approach or equal 
the drive distance in 
hard or deep deposits
iv) Begemann cone side 
friction includes an 
element of end bearing
a) advantages
1)
11 
iii
iv
v
V I
vi i
viii
ix
eliminates cumulative friction 
developed in the mechanical 
system
continuous record of results 
direct measurement of side 
friction
greater sensitivity 
eliminates operator's 
recording errors by auto- 
graphical records 
immediately available results 
absence of inner rods permits 
use in difficult situations 
quicker than mechanical test 
other measuring devices can be 
incorporated (eg inclinometer 
and porewater pressure gauge)
b) disadvantages
i) highly complicated
ii) well equipped workshop 
back-up required
iii) requires experienced
operators and maintenance 
team
iv) expensive and more susceptible 
. to cone loss due to 
obstructions
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De Ruiter (1971), in comparing the mechanical and electrical 
versions of the Dutch cone test, highlighted their relative merits 
and disadvantages which are summarised in Table No. 2.4. The 
results of cone penetrometer tests are often used to classify 
soil into different groups, and to make predictions of allowable 
load and probable settlement for foundations.
The classification of soils is normally carried out on the 
basis of the value of cone resistance in combination with the ratio 
of side friction divided by cone resistance (the friction ratio 
ts/qc).
2.2.3 A Combined Pore Pressure and Point Resistance Penetrometer
Torstensson (1982) developed the BAT combined oore pressure 
and point resistance probe. The apex angle of the cone is 60° 
and the cross section area = 10 cm . The cylindrical filter 
which is mounted immediatelybehind the cone has a thickness of
2.5 mm. The pore pressure is measured with a flush pressure 
transducer. The penetrometer consist of a piston which transfers 
the force acting on the cone to an oil-filled cavity. The pressure 
in the cavity is measured by means of an electrical pressure 
transducer as shown in Fig. 2.10. The maximum capacity 0f The 
penetrometer is 50 kN. The sensitivity of the penetrometer can 
be changed by changing the pressure transducer depending on the 
soil type. Deaerated water with a new and cleaned filter is 
used for every single test as the filter can be easily changed 
by removing the point cone.
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The BA T electrical cone penetrometer.
Fig. 2.10. THE BAT COMBINED PORE PRESSURE AND POINT RESISTANCE 
PROBE (AFTER TORSTENSSON 1982)
2.2.4 Static Sounding to DIN 4094 (1974)
The cone penetrometer DIN 4094 (1974) consists of a cone
o
with cross section F = 10 cm and a diameter of d = 3.56 cm 
with a cone aperture angle = 60°, the rate of penetration = 1 m 
per minute. During penetration the cone resistance and, if 
reqiured, the total resistance can be measured "to determine 
the value of skin friction along the rod in the individual strata, 
this must be determined by a special measuring device".
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For plotting the results of the tests, the specific resistance of 
the cone per unit area in kN/m2 must be plotted along the x axis 
and, if required the total resistance in kN and the skin friction 
along the rod in kN/m^. The penetration depth is plotted along 
the y-axis. In addition, the type of apparatus used must be stated.
2.2.5 Other Cone Penetrometers
A considerable number of quasi-static cone penetrometers 
have been developed. Many of these are closely modelled on the 
Dutch cone penetrometer, and can be regarded as variations of 
the latter, whilst a number of other penetrometers have been 
used which are significantly different in design and operation.
Table 2.5 attempts to illustrate the wide variety of penetrometers 
to which Sanglerat (1972) and others have made reference.
Probabably most the penetrometers mentioned in Table 2.5 have 
been developed for general use in soil exploration and to assist 
in the design of driven piles. A number of them were evolved 
to investigate or solve particular problems. For example a 
manual penetrometer designed by the Military Engineering Experimental 
Establishment MEXE (UK) is primarily used for the rapid assessment 
of suitability of unpaved natural sites for traffic. (Sanglerat 
1972).
TABLE 2.5. QUASI-STATIC CONE PENETRATION-A SELECTION (AFTER TALBOT 1982)
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Penetrometer Country 
of origin
Cone
diameter
mm
Load
capacity
Mg
Remarks Reference
a) Dutch cone type Penetrometers
Delft Mantle Holland 36 2.5-17.5 manual SANGLERAT (1972)
Delft Mantle Holland 36 10-17.5 motorised SANGLERAT (1972)
Friction jacket Holland/
Indonesia 36 - - BEGEMANN (1965)
Heerema Venezuela 56 - - HEEREMA (1953)
Franklpfahl W.Germany 35 - - SANGLERAT (1972)
GC static Belgium 35.7 - manual GAMSKI (1961)
Franki static Belgium 34.2 10 • hydraulic SANGLERAT (1972)
Soletanche France - - truck mounted SANGLERAT (1972)
Fugro electrical Holland 36 5 strain gauge cone De RUITER (1971)
Fugro electrical Holland 36 10 . elect, friction cone De RUITER (1971)
Delft electrical Holland 36 2-20 reduced shaft HEIJNEN (1974)
Wison 90 Holland - - wire line use SANGLERAT (1972)
.Ponts et Chausees France 36 - electrical SANGLERAT (1972)
NRBI South Africa 34 10 - KANTEY (1965)
Gawi th-Bartlett Australia 49.6 - strain gauge GAV/ITH & BARTLETT (1963)
Braithwaite Australia - - strain gauge SANGLERAT (1972)
Gidroproekt USSR 35.6 13 manual SANGLERAT (1972)
SUGP-10 USSR 74 10 hydraulic SANGLERAT (1972)
UZG-2 USSR 35.6 - hydraulic SANGLERAT (1972)
s-979 USSR 36 10 hydraulic SANGLERAT (1972)
S832 USSR 36 10 hydraulic SANGLERAT (1972)
- Bulgaria 35.7 - hydraulic SANGLERAT (1972)
- Yugoslavia - - hydraulic SANGLERAT (1972)
b) Non-Dutch cone type penetrometers
WES USA 20 manual, 30° cone MELZER (1974)
Soil test USA 19 - manual SANGLERAT (1972)
Parez (Sol-Essais) France 45,75,110 15-30 hydraulic PAREZ (1963),
Maihak/Degebo W.Germany 35.7-43.7 2-10 hydraulic SANGLERAT (1972)
Auto-record USA 35.7 5 self recording BROMS & BROUSSARD (1965)
CEBTP France 100,216,320 20 dynamometers SANGLERAT (1972)
MEEE UK 5,8 - manual SANGLERAT (1972)
American Static USA 41.3 5 - CROWTHER (1963)
Friction Australia 49.6 - electrical BARTLETT & HOLDEN (1968)
- Australia 70 - water flush SANGLERAT (1972)
Lunar USSR 35 0.06 103° cone rocket force SANGLERAT (1972)
Jonell & Nilsson Sweden 35.7 - auto record/jeep mounted SANGLERAT (1972)
SGI Sweden 25,40 (lOkN) rotating cone DAHLBERG (1974,d)
Seacalf Holland 35.7,43.7 10. 15 seabed use ZUIDBERG (1974)
Soil Assessment U.K. 12.5 30° cone; manual . CBR calibrated BLACK (1979)
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2.3 STATIC-DYNAMIC PENETRATION TESTS
Static-dynamic penetrometers are used primarily as quasi- 
static instruments, until very dense or hard strata are encountered 
and the static capacity is reached. At this stage, if further 
progress is needed, the cone is driven dynamically. Normally, 
it is recommended that the driving is a minimum because of 
the excessive wear it causes to the whole mechanism.
There are a number of static-dynamic penetrometers in use, 
of which Sanglerat (1972) describes four* The principal salient 
details of these are given in Table No. 2.6 below.
TABLE 2.6. STATIC-DYNAMIC PENETROMETERS 
(AFTER TALBOT 1982)
Penetrometer Country of 
origi n
Cone
Dia­
meter
mm
Static Dynamic 
Load Energy 
Capacity Deliverable 
kN kNm
Reference
Andina France*. 39/80 150 1.18 SANGLERAT (1972)
CEBTP** France 60 250 1.04 SANGLERAT (1972)
Haefli-
Fehimann Switzerland - - - HAEFELI and FEHLMANN
Jangot-
Bonneton France 35/60 100 1.18
(1953) 
SANGLERAT (1972)
Meurisse France 45 52.5 0.71 SANGLERAT (1972)
LSD-
Penetrometer Sweden 0.74 0.05 ANON (1978)
* Also patented in Switzerland
** CEBTP: Centre Experimental du Batiment et des Travaux Publics
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As the above table shows, their use appears to be confined to France 
and Switzerland, the first mentioned, Andina, being the most widely 
known, to the extent that Anon (1978) allows for its use in the 
quasi-static mode, when the prefered cone is unavailable.
Fig. 2.11 shows the general arrangement of the Andina cone 
penetrometer.
P o in t
r e s is ta n c e
-T o ta l  —  
s id e  
f r i c t i o n
K +  3 9 m m  
>-----^  8 0 m m
P o in t
r e s is ta n c e
F r ic t io n -
s le e v e
L o c a l
-s ide
f r i c t i o n
3 9 m m
1- 8 0 m m
(b )
F ig :  2 .11
T h e  A n d in a  cone  p e n e t r o m e te r  t ip  (a ), and  
th e  f r i c t i o n  s le e v e  co n e  p e n e t r o m e te r  t ip  (b)
( a f t e r  A N O N  (1 9 7 7 ))
These types of penetration tests do not appear to have achieved 
any significant degree of popularity outside France and Switzerland as 
yet. The literature search made in connection with this present 
work suggests that very little has been published on static-dynamic 
penetrometers,the data they generate,and their applications.
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APPLICATION AND EVALUATION OF DYNAMIC PENETRATION TESTS
3-° INTRODUCTION
Dynamic penetration tests can be used to supplement results 
already available from boring, sampling and testing. The penetra­
tion tests usually help to complete the results of the investigation. 
If the general conditions of the sub-soil are known, penetration 
tests are first carried out and then the necessary borings sampling 
and testing are performed on the basis of the penetration tests 
results. This test is very important in granular soils where 
samples are not easy to take. Results of such tests permit 
conclusions to be drawn on the bedding densities, compressibility, 
bearing capacities, layer limits, obstructions, cavities, and 
sometimes the water level in the sounding hole. In this Chapter, 
three types of dynamic penetration test are discussed, namely 
the Standard penetration test (SPT), Dynamic penetration to 
DIN 4094 (part 2), and Dynamic penetration tests inside calibration 
chambers.
3.1 THE ORIGIN AND LIMITATIONS OF THE S.P.T.
The origin of the standard penetration test has been attributed 
by Fletcher (1965) to C.R. Gow in 1902 , who used an open-ended 
pipe driven into the soil, to obtain samples for identification.
A hammer of 110 lb (49.9 kg) weight and a 1 in (25.4 mm) diameter 
pipe were used for this purpose. From 1926 Fletcher, with Linton 
Hart, developed the now well-known standard penetration test or 
SPT through the Raymond Concrete Pile Company. The 140 lb (63.5 kg) 
weight, the 30 in (762 mm) drop and the number of blows (N) required 
to drive the sampler 12 in (30.4 mm) appeared in specifications
CHAPTER 3
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Several modifications the tools and the methods of recording 
the results have been made over the past 40 years. It has been 
argued that the standard penetration test suffers from so many 
variations in the "standard" procedure as to be meaningless.
This view is held by Schmertmann (1978), Ireland et al (1970) and 
Moretto (1971). However other engineers showed good results from 
the SPT when conducted under controlled conditions, and employing 
a well-defined specification. - Kovacs et al (1977) and Marcuson 
and Beiganousky (1977, a and b) have confirmed the degree of 
reproducibi1ity found by those engineers. However, it would appear 
that the major limitation of the SPT is that due to the lack of 
adequate specification for the test, coupled with the problems 
of varying borehole disturbance with different soil types and 
drilling techniques.
3.1.1 Development of the SPT
Terzaghi (1947) correlated the results of SPT's in sand 
with the results of loading tests, to obtain a relationship between 
N values and the relative density of the sand, in empirical terms. 
In addition he presented a graphical comparison between N value, 
width of footing, and the allowable bearing pressure for footings 
on sand. However, Terzaghi explained his figure as based on the 
most unfavourable relationship between N, and the settlement at 
a given unit load. He emphasised that his graph should only be 
used if no other information is available on the soil conditions. 
However Fig. 3.1 has been used in the design of foundations on 
sand for so many structures all over the world. It has also formed 
the basis for the development of many other methods of estimatings
during the e a r ly  1930 's .
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S P T  results (after Terzaghi(l947))
The two edition of Terzaghi and Peck (1948) and (1967) do not 
change the equipment and method of performing the SPT. In the USA, 
the SPT is normally performed in 63.5 mm or in 101 mm diameter 
boreholes which are advanced using washboring techniques, and 
the 63.5 kg hammer is lifted using a manilla rope and cathead
In Britain the SPT is conducted in 150 mm or 200 mm diameter 
percussion boreholes, and the weight defined in BS 1377:1975, is 
65 kg, falling through 760 mm, using an automatic trip hammer
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mechanism.
The basic dimensions and geometry of the split spoon sampler 
are similar in the ASTM and BS 1377. However Ireland et al (1970) 
have indicated that split-spoons of different design are in use 
and it has been accepted and recommended to substitute a 60° 
solid cone for the split barrel shoe when testing in gravel 
(Meyerhof, 1956); Palmer and Stuart, 1957; BS 1377:1975).
In the UK the SPT is considered to be primarily an in-situ test, with 
the subsidiary advantages of obtaining a disturbed sample of 
the soil t.ested.
3.1.2 Current Use of the SPT
The (SPT) "N"value is used for estimating various engineering 
parameters of soils such as density, bearing capacity and settlement of 
foundations in sands. However, there are also a number of other 
engineering uses for the results of the standard penetration test.
3.1.2.1 Estimations of Settlement
Following the original work by Terzaghi and Peck (1948) 
many engineers proposed different methods of estimating the settlement 
of shallow footings using SPT data. Sanglerat (1972), Sutherland 
(1974), Jorden (1977) Talbot (1982), Burbidge (1982) and Dikran (1983) 
have reviewed the more-widely used techniques for computing settlements 
using "N" values for footings founded in granular soils.
The first chart relating "N" values with settlement of 
footings in cohesionless soils was presented by Terzaghi (1947) 
and published in the famous book by Terzaghi and Peck (1948).
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This publication enabled his method to reach a vast number of engineers, 
all over the v/orld. Using this method it became clear that the use 
of the chart gave rise to highly overconservative footing designs.
In the mid 1950's Gibbs and Holtz (1957) suggested a correction to 
the (SPT) "N" values, to allow for overburden pressure and relative 
density of granular soils. Since that time a vast number of methods 
to predict settlement of footings in granular soils, have been 
pub!ished.
Clayton et al (1983) discussed the problems of the SPT method, 
and showed that the study of case records improved the predictions 
of settlement. They chose 12 case records from Meigh and Nixon (1961), 
Schultz (1962), Baker (1965), D'Appolonia et al (1968), Levy and 
Morton (1975) and Stuart and Graham (1975). They concluded that 
designers always use "N" values to predict settlement in spite of 
the fact that there are many factors affecting the results of the 
SPT and the compressibi1ity of the granular material and they showed 
that an error up to ten times can occur in predicting settlement 
from the SPT, so that the results from this test should be "treated 
as empirical correlations". They classified the techniques for the 
prediction of settlement from SPT "N" values as follows: Method by 
Terzaghi and Peck (1948) does not give acceptable results for the 
design, while the methods by Alpan (1964) and Schultze and Sherif 
(1973) give better predictions. Methods having acceptable ratio of 
observed over predicted settlement, easy and quick to use with good 
and acceptable accuracy give good predictions. They recommended 
"statistical" methods (e.g. Shultze& Sherif (1973) and Burland,
Broms and de Mello (1977))as they thought that those methods improved 
the ability to predict settlements on granular material. Clayton 
et al (1983) introduced the design method by Schultze, and Sherif
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(1973) with some modification to make its use easier as shown in Fig.
3.2. They tabulated a summary of settlement predictions for 
different soils engineers as shown in Table 3.1.
TABLE 3.1. SUMMARY OF SETTLEMENT PREDICTION CLAYTON ET AL (1983)
Ratio of Predicted/observed settlement 
Methods Average Rang Underestimates
(% o f cases)
Terzaghi and Peck (1948) 4.27 1 .15-10.00 0
Terzaghi and Peck modified 
by Meyerhof (1956)
2.25 0.45- 6.60 33
Alpan (1964) 1.71 0.35- 3.88 25
Schultzeand Sherif (1973) .1.02 0.48- 1.81 58
Burl and, Broms & de Mello (1977) 
"probable" values 1.48 0.52- 3.54 25
"upper limit" values 2.96 1.09- 7.08 0
3.1.2.2 Density Correlations
Terzaghi (1947) published the first correlation between 
relative density of sands and "N" as shown in Table 3.2 below. 
Many other correlations have been suggested and are in use.
TABLE 3.2. RELATIVE DENSITY OF SAND ACCORDING TO SPT RESULTS
(AFTER TERZAGHI 1947)
SPT Blow Count, N Relative Density
0-4 Very Loose
4-10 Loose
10-30 Medium Dense
30-50 Dense
over 50 Very Dense
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B r e a d th  B (m )
Applied Pressure P (kfl/rc )
D
-----
R e d u c t io n  fa c to r s  f o r  d s /B < 2
2 5 100
as / 
1.5  
1 .0  
0 .5
0 .91
0 .7 6
0 .5 2
0 .8 9
0 .7 2
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0 .87
0 .6 9
0 .43
0 .85
0 .65
0 .39
F i g : 3 . 2
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Gibbs and Holtz (1957) examined experimentally the effect of 
the overburden pressure and concluded that:- "The penetration 
resistance increases with an increase in either relative density 
or overburden pressure. Since the principal object of the penetra­
tion test in cohesionless sands is to evaluate density, the effect 
of overburden pressure at the depth of test must be taken into 
account". They plotted penetration resistance against relative 
density from the U.S. Bureau of Reclamation (U.S.B.R) tests 
carried out in a tank 0.9 m diameter and 1.2 m high with an over­
burden pressure applied through spring forces. In order to 
evaluate the pressure at the level of the sampler, a series of 
pressure cells were inserted in the soil close to the elevation 
at which the test was to be started, and average values recorded, 
which ranged between 60% and 110% of the applied pressure. The 
SPT tests were made through holes in the top of the tank and 
samples of sand were obtained separately for density determination 
after each testing cycle. The results of U.S.B.R. tests clearly 
indicated that stress level has a crucial effect on penetration
values. An increase in effective vertical pressure from zero to 
2
280 kN/m caused an increase in "N" value from 1 to 12 for air 
dry coarse sand at a relative density of 40%, and from 20 to 85 
for the same sand at a relative density of 100%. Gibbs and Holtz 
(1957) selected vertical pressure from U.S.B.R. tests and 
produced an SPT correction chart for overburden pressure. The 
top of Fig. 3.3 illustrates this correction chart and the lower 
part of the figure shows a comparison between the Terzaghi (1947) 
density table and other descriptive classifications. Kolbuszewski
(1957) discussed the Gibbs and Holtz SPT correction chart and 
pointed out that the density determination methods used by the 
U.S.B.R. probably have resulted in an underestimate of relative
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density. A similar fault was found by Schultze and Melzer (1965) 
in Schultze and Menzenbach's work. Since the tests were carried out in 
a rigid chamber with specimen/penetrometer diameter = 18 and with no 
lateral effective stress control or record the increase in "N" 
values could actually be reflecting a change in the lateral effective 
stress rather than the vertical effective stress crv'. The 
relative density is a description of the in-situ condition of a 
granular material, and as will be shown later, is now thought to 
exhibit/poor reproducibility. Numerically, the relative density 
(Dr) of the sand may be given by:
e Y Y Y
q = max - e _ d max x d - d min   (eq. 3.1)
r q e y Y Y
max - min d d max - d min
where
e = void ratio for soil condition considered.
e = minimum void ratio of that soil,
min
e = maximum void ratio of that soil,
max
Y = dry density of soil under consideration, 
d
Y = maximum dry density of that soil,
dmax
Y = minimum dry density of that soil,
dmi n
The different qualitative descriptors of relative density, 
or differing numerical values of Dr between two adjacent descriptors 
according to which authority is followed, have made the problem 
more difficult: Fig. 3.3 demonstrates this point. The various 
authers preparing their empirical descriptions are probably relat­
ing these to insitu soils with differing overburden pressures. To 
estimate the insitu density or relative density of granular material 
from the results of SPT is easy and cheap since the test may be 
performed in boreholes and moreover the direct measurement is 
impractical below the ground water table in cohesionless soil.
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Marcuson and Bieganousky (1977, a and b) reported that the SPT is 
not sufficiently accurate to be recommended for the final evaluation 
of density or relative density of sand at a site, unless site- 
specific correlations are developed. In view of the fact that 
Marcuson et al (1977) noted the effect of oversonsolidation on 
"N" value, and that OCR cannot be known at a specific site, it 
seems unlikely that the SPT "N" value can give any guide to relative 
density.
3.1.2.3 Compressibility
Schultze and Menzenbach (1961) correlated the modulus
of compressibility Es (where Es = 1 ), with the SPT "N" value.
mv
They found relationships for varying soil types, comprising fine 
sand, slightly plastic silts and fine silty sands. Schultze and 
Melzer (1965) modified the earlier results of Schultze and 
Menzenbach to allow for disturbance of the sand during the 
sampling preparation and testing procedures for finding Es in 
the laboratory. They used the equations of Moussa (1961) which 
were derived after performing systematic tests on various sands in 
the laboratory.
Es = l/mv = v.aw   (eq. 3.2)
where Es is tangent modulus (modulus of comressibility ) 
a is effective vertical pressure applied to the sample,w = 0.522 
for the soil they used which corresponds with that determined by 
Chaplin (1961) = 0.5,v determined according to the equation by 
Moussa from the void ratio for the same depth of the penetration 
test
v = 246.2 log N-263.4 (y.t) + 375.6 + 57.6 ..... (eq. 3.3)
where y.t is overburden pressure in kN/m2 and N is the number of 
blows.
45
Fig. 3.4 shows the relationship between v and N for different 
Y.t. Es will be equal to v for an increment of vertical pressure 
= 1 kg/cm^.
Lambrechts and Leonards(1978) studied the effect of prestress­
ing of the granular soil on the cone penetration resistance by means 
of a model penetrometer. A triaxial apparatus was modified to 
facilitate penetration of the specimen through the base. They 
pushed a 60° apex angle penetrometer with a base diameter of 12.7 mm. 
at a rate of 0.2 mm/min into a specimen averaged 71 mm in diameter,
and 157.5 mm in length. They found linear relationship between
cone penetration resistance and confining pressure under no lateral 
strain condition (K0) and several stress level including two states 
of K0 prestress as shown in Fig. 3.5. An increase in the cone 
penetration resistance of less than 20% due to the prestressing 
was shown, although such prestressing increased the modulus of compressi­
bility of the sample by more than 10 times, as they exolained in their paper. 
They concluded that "recent field and laboratory data suonort the 
fact that the increase in penetration resistance after prestressing 
of a sand is due largely to the residual lateral stress. Prestress­
ing, without residual lateral stresses, has only a minor effect
on cone penetration resistance but a very large effect on the 
deformation modulus". The penetration results of Lambrechts and 
Leonards (1978) can be questioned as they used a very low specimen 
to penetrometer diameter ratio, which was about 5.5, compared with 
the minimum of 20 given by several researchers and checked in the 
present research as it will be shorn later. It has been suggested 
by many researchers (Meigh and Nixon (1961), Rodin (1961),
Schmertmann (1970), Sutherland (1974) and Bolomey (1974)) that 
there is a direct correlation between the cone penetration
fr
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C o n f in in g  p r e s s u r e ,  c r h , ( k N /m 2 )
F ig : :  3 .5
C one  p e n e t r a t io n  r e s is ta n c e  v e r s u s  c o n f in in g  
p r e s s u r e  ( f r o m  L a m b r e c h ts  a n d  L e o n a rd s  1978)
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resistance and "N" .values. As Lambrechts and Leonards (1978) 
only performed two crude tests on prestressed samples, a large 
part of the present research was carried out to prove that the 
overconsolidation of the granular soil has a small effect on the 
dynamic penetration resistance.
3.1.2.4 Bearing Capacity
That settlement rather than bearing capacity is usually 
the controlling factor for the design of foundation construction 
in cohesionless soil has been widely stated by many engineers 
(Terzaghi and Peck 1948 and 1967, Sutherland 1963, Schmertmann 
1970, De Mello 1971 and Simons and Menzies 1977). The generalisa­
tion is not true for very loose sands and footings of less than 
about 1 m wide. Thus if shallow footings to be constructed in 
granular soil are designed on the basis of limiting settlement 
to within 25 mm, then the allowable bearing capacity will not be 
exceeded. Nevertheless, it is necessary under certain circumstances, 
and is frequently desirable to check the. bearing capacity of a 
foundation placed in cohesionless soil. Terzaghi and Peck (1948, 
1967) presented an expression for the ultimate bearing capacity,
Qu of a continous footing on dry cohesionless sand as
qu = YDf Nq + 0.5 yBNY .......(eq. 3.2)
where
Y = in-situ density of sand 
Df = depth of footing below surface
Nq = bearing capacity factor
NY = bearing capacity factor
B = breadth of footing
the bearing capacity factors Ny and Nq are parameters that depend 
upon <f>1 for the sand. De Mello (1971) studied the published relation-
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ships between <f>1 and N as part of his state of the art review of 
the SPT. He proposed an equation based on Prandtl-Caquot-Buisman 
idealised theory and found by statistical evaluation, that the 
Gibbs and Holtz (1957) data fits the equation. The correlation 
is given in Fig. 3.6. The angle of shearing resistance, <£', can 
be related to bearing capacity factors and NY, which are due to 
the authors Prandtl (1920) Reissmer (1924) and Vesic (1970).
Fig. 3.7 shows the relationships between the bearing capacity 
factors and angles of internal resistance. The bearing capacity 
factors are used in the Terzaghi-Buisman1 equation (Buisman 
1940 and Terzaghi, 1943) for long strip footings in granular 
soils with high water table, which is given below.
q , = P (NQ - 1) + 0.5 ByNy + P   (eq. 3.3)U H
where
qu = ultimate bearing capacity 
P = initial effective overburden pressure 
P = initial total overburden pressure 
y = submerged unit weight
3.1.3 Pore Water Pressure Generated During Penetration
The pore water pressure generated during dynamic penetra­
tion was very difficult to measure until recently, when electronic 
transducers which can withstand dynamic shock were developed.
Moller and Bergdahl (1981) dealt with model piles as they carried 
out the investigation in a "pile box". A 20 mm diameter rod was 
driven into a fine sand, and they measured the dynamic pore water 
pressure during penetration by using a piezo-electric transducer 
mounted in a special adapter, inside a porous stone. The transducer 
could be fitted in the tip of the rod or in the soil close to the rod.
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Angle of shearing resistance </>, degrees
Fig: 3.7
Bearing capacity factors for shallow footings 
(after Winterkorn and Fang (1975))
A f i n e  sand w i t h  Dr  = 70% ( d e n s e  s t a t e )  and Dr  = 80-90%
( v e r y  d e n s e )  was i n v e s t i g a t e d .  I t  was o b s e r v e d  t h a t  t h e  m a g n i t u d e  
o f  t h e  n e g a t i v e  p o r e  w a t e r  p r e s s u r e  g e n e r a t e d  a l o n g  t h e  r o d  a f t e r  
e a c h  b l o w  d e c r e a s e d  w i t h  i n c r e a s e d  d i s t a n c e  f r o m  t h e  t i p  a s  t h e  
d u r a t i o n  f o r  t h e  d i s s i p a t i o n  was r e d u c e d  a l s o .  A l o w  p o s i t i v e  
p o r e  p r e s s u r e  was m e a s u r e d  i n  t h e  v e r y  d e n s e  sand as  shown i n  
F i g .  3 . 8 .  Y a g i  e t  a l  ( 1 9 8 2 )  m e a s u r e d  p o r e  w a t e r  p r e s s u r e  i n  b o t h  
s t a t i c  and d y n a m ic  p e n e t r a t i o n  t e s t s  on sand  w i t h  D-|0 = 0.12  mm 
i n s i d e  a 0 . 2 3  m d i a m e t e r  and 0 . 5 0  m h i g h  s t e e l  c y l i n d e r  c h a m b e r .
F i g .  3 . 9  shows t h a t  t h e  p o r e  p r e s s u r e  i m m e d i a t e l y  a f t e r  t h e  i m p a c t  
i s  p o s i t i v e  b e l o w  t h e  t i p  i n  b o t h  l o o s e  and d e n s e  s p e c i m e n s  and 
n e g a t i v e  b e h i n d  t h e  c o n e .  The  p o r e  w a t e r  p r e s s u r e  i s  l a r g e l y  
p o s i t i v e  i n  l o o s e  sand  and a l t e r n a t e s  i n  t h e  d e n s e  s p e c i m e n .
H o w e v e r  t h e y  d i d  n o t  show any v a l u e  f o r  t h e  d e n s i t i e s  o f  sand  
s p e c i m e n s  t h e y  t e s t e d .
C l a y t o n  and D i k r a n  ( 1 9 8 2 )  and D i k r a n  ( 1 9 8 3 )  r e v i e w e d  an 
e x p e r i m e n t a l  s t u d y  o f  t h e  e x c e s s  p o r e  w a t e r  p r e s s u r e s  g e n e r a t e d  
a r o u n d  t h e  t i p  o f  a d y n a m ic  p e n e t r o m e t e r  e x p l a i n e d  i n  C h a p t e r  2 .
Th e  t e s t s  w e r e  p e r f o r m e d  on a s a t u r a t e d  f i n e  u n i f o r m  L e i g h t o n  
B u z z a r d  Sand i n s i d e  a c a l i b r a t i o n  c h a m b e r ,  a t  d i f f e r e n t  d e n s i t i e s .  
T y p i c a l  s h a p e s  o f  p o r e  p r e s s u r e  c u r v e s  g e n e r a t e d  d u r i n g  a s i n g l e  
b l o w  a r e  shown i n  F i g .  3 . 1 0 .  Th e  t e s t  r e s u l t s  i n d i c a t e d  t h a t  t h e  
d e n s i t y  o f  t h e  s p e c i m e n  hada . v e ry  b i g  i n f l u e n c e  on t h e  g e n e r a t e d  
p o r e  w a t e r  p r e s s u r e .  D i k r a n  ( 1 9 8 3 )  o b s e r v e d  t h a t  h i g h  p o s i t i v e  
p o r e  p r e s s u r e s  w i t h  l o n g  d u r a t i o n s  w e r e  g e n e r a t e d  i n  l o o s e  s p e c i m e n s .  
T h i s  was a c c o m p a n i e d  by  l a r g e  p e n e t r a t i o n s .  I n  medium d e n s e  
s p e c i m e n s  he f o u n d  t h a t  t h e  p o r e  p r e s s u r e s  g e n e r a t e d  u n d e r  t h e  t i p  
o f  t h e  p e n e t r o m e t e r  w e r e  n e g a t i v e  a t  t h e  s t a r t  o f  t h e  b l o w  f o l l o w e d  
by  p o s i t i v e  p o r e  p r e s s u r e s .  O n l y  n e g a t i v e  p o r e  w a t e r  p r e s s u r e s  
w e r e  o b s e r v e d  on d e n s e  t o  v e r y  d e n s e  s p e c i m e n s .  D i k r a n  ( 1 9 8 3 )
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Dr - 701 and o* . 200 kPa. b. 0R « 852 and o* - 200 kPa.
FIG. 3 . 8  DYNAMIC PORE PRESSURE AROUND A PILE IN FINE SAND AFTER IMPACT
(FROM MOLLER AND BERGDAHL, 1981)
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a .  The t y p i c a l  v i b r o g r a m s  o f  t h e  p o r e  
p r e s s u r e  m e a s u r e d  a t  t i p  ( l o o s e ) .
b .  The  t y p i c a l  v i b r o g r a m s  o f  t h e  p o r e  
p r e s s u r e  m e a s u r e d  a t  t i p  ( d e n s e ) .
F IG x  3 , 9  < From Yagi e t  al ;1982)
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F I G - 3 . 1 0  T Y P I C A L  P O R E  P R E S S U R E  C U R V E S
(  From C l a y t o n  and O i k r a n  19P2 )
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f o u n d  t h a t  t h e  s t r e s s  l e v e l s  and t h e  p r e s t r e s s i n g  o f  t h e  s p e c i m e n s  
h a v e  an i n f l u e n c e  on t h e  g e n e r a t e d  p o r e  w a t e r  p r e s s u r e  w h i l e  t h e  
h o r i z o n t a l  e f f e c t i v e  s t r e s s  had no i n f l u e n c e  on t h e  p o r e  w a t e r  
p r e s s u r e  g e n e r a t e d  u n d e r  t h e  t i p  o f  t h e  p e n e t r o m e t e r  a l t h o u g h  
i t  had a b i g  i n f l u e n c e  on t h e  p e n e t r a t i o n  r e s i s t a n c e .
3 . 1 . 4  L i q u e f a c t i o n  P o t e n t i a l
T he  SPT t e s t s  a r e ,  w i d e l y  u s ed  a m o n g s t  e n g i n e e r s  i n  e v a l u a t ­
i n g  t h e  l i q u e f a c t i o n  p o t e n t i a l  o f  s a t u r a t e d  sand  d e p o s i t s  f o r  
e x a m p l e  by  C a s t r o  ( 1 9 7 5 ) ,  C h r i s t i a n  and S w i g e r  ( 1 9 7 5 )  and S e e d  
and I d r i s  ( 1 9 6 7 ,  1 9 7 1 ) .  H o w e v e r  De M e l l o  ( 1 9 7 1 )  f e l t  t h a t  t h e  
p r o b l e m  was s u b j e c t  t o  w i d e  d i s p e r s i o n s  o f  t h e  a n g l e  o f  f r i c t i o n  
as  a f u n c t i o n  o f  r e l a t i v e  d e n s i t y ,  t o g e t h e r  w i t h  a l l  t h e  h e t e r o g e n e i ­
t i e s  c o n n e c t e d  w i t h  l i q u e f a c t i o n  c o n d i t i o n s  o f  s ands  and a l l  o t h e r  
e r r o r s  i n  t h e  r e l a t i o n s h i p  b e t w e e n  SPT and  o v e r b u r d e n  p r e s s u r e  
and i n t e r n a l  f r i c t i o n .  H o w e v e r ,  t h e  r e s u l t s  o f  d y n a m i c  p e n e t r a ­
t i o n  t e s t s  w i t h  t h e  m e a s u r e m e n t s  o f  p o r e  w a t e r  p r e s s u r e  g e n e r a t e d  
a t  t h e  t i p  o f  t h e  p e n e t r o m e t e r  p e r f o r m e d  on a f i n e  L e i g h t o n  
B u z z a r d  sand  i n s i d e  a c a l i b r a t i o n  ch a m b e r  by  C l a y t o n  and D i k r a n  
( 1 9 8 2 )  showed t h a t  l i q u e f a c t i o n  can  be  b r o u g h t  a b o u t  by  d y n a m ic  
p e n e t r a t i o n  t e s t i n g ,  i f  t h e  e f f e c t i v e  l a t e r a l  p r e s s u r e  and d e n s i t y  
a r e  l o w .  D i k r a n  ( 1 9 8 3 )  o b s e r v e d  t h a t  l i q u e f a c t i o n  o c c u r r e d  i n  
s p e c i m e n s  o f  L e i g h t o n  B u z z a r d  f i n e  u n i f o r m  sand  when t h e  p o s i t i v e  
p o r e  p r e s s u r e s  e x c e e d i n g  t h e  l o w e r  o f  t h e  v e r t i c a l  o r  h o r i z o n t a l  
e f f e c t i v e  p r e s s u r e  and had r e l a t i v e l y  l o n g  d u r a t i o n s .
3 . 1 . 5  ■ F a c t o r s  A f f e c t i n g  The  R e s u l t s  o f  SPT
F a c t o r s  i n f l u e n c i n g  t h e  " N "  v a l u e  f r o m  t h e  SPT h a v e  been  
r e c o g n i s e d  f o r  a p e r i o d  o f  t i m e .  Some o f  them a r e  due  t o  t h e  t e s t
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c o n d i t i o n s  and t h e  t y p e  o f  t o o l s  u s e d  f o r  t h e  t e s t ,  o t h e r s  a r e  
du e  t o  g r o u n d  c o n d i t i o n  such as  r e l a t i v e  d e n s i t y  o f  g r a n u l a r  
s o i l s ,  t h e  p r e s e n c e  o f  w a t e r  t a b l e  and t h e  o v e r  b u r d e n  p r e s s u r e .  
R e c e n t l y ,  e f f e c t s  such  as  s a m p l e r  s i d e  s h e a r ,  h o r i z o n t a l  and 
v e r t i c a l  e f f e c t i v e  s t r e s s  and o v e r c o n s o l i d a t i o n  r a t i o  h a v e  b e e n  
p o s t u l a t e d  as  a f f e c t i n g  t h e  " N "  v a l u e .
3 . 1 . 5 . 1  F a c t o r s  Due t o  T e s t  C o n d i t i o n s
i )  The  t y p e  and w e i g h t  o f  f a l l i n g  hammer has  a g r e a t  
e f f e c t  on  t h e  " N "  v a l u e  F l e t c h e r  ( 1 9 6 5 )  r e p o r t e d  how t h e  140 l b  
( 6 3 . 5  k g )  hammer was f i r s t  s t a n d a r i s e d  f o r  t h e  SPT:  t h i s  i s  s t i l l  
i n  t h e  A m e r i c a n  S t a n d a r d  ASTM: D 1 5 8 6 - 6 7 .  M e a n w h i l e  d i f f e r e n t  
w e i g h t s  a r e  i n  u s e  a l l  o v e r  t h e  w o r l d .
i i )  The  t e c h n i q u e  us ed f o r  hammer and w e i g h t  r e l e a s e  
m echa n is m s  a r e  so  d i f f e r e n t  f r o m  c o u n t r y  t o  c o u n t r y  and f r o m  
p l a c e  t o  p l a c e  i n  t h e  same c o u n t r y . a n d  s o m e t im e s  f r o m  m a c h i n e  t o  
m a c h in e  on t h e  same s i t e .  The  m o s t  common m e th ods  a r e  l i f t i n g  t h e  
hammer by  c a t h e a d  and  r o p e ,  u s i n g  t h e  a u t o m a t i c  f r e e  f a l l  t r i p  hammer,  
and t h e  u s e  o f  su dden  r e l e a s e  f r o m  a t y p e  o f  hook ( u s e d  q u i t e  
f r e q u e n t l y  i n  J a p a n ) .  Some d r i l l e r s  s t i l l  use  t h e  d r i l l i n g  w i r e s  
c o n n e c t e d  t o  t h e  m a c h i n e  f o r  t h i s  p u r p o s e .  Bo th  B r i t i s h  and 
E u r o p e a n  s t a n d a r d s  s p e c i f y  t h e  u s e  o f  t r i p  hammers and a r e  used  
a c c o r d i n g l y .  A m e r i c a n  p r a c t i c e  i s  t o  o p e r a t e  t h e  w e i g h t  m a n u a l l y  
u s i n g  a c a t h e a d  and r o p e .  The number o f  t u r n s  o f  r o p e  on t h e  
c a t h e a d  may a f f e c t  t h e  f o r c e  o f  t h e  w e i g h t  a f t e r  i t  i s  r e l e a s e d ;  
t h e  norm b e i n g  two o r  t h r e e  t u r n s .  S e r o t a  and L o w t h e r  ( 1 9 7 3 )  
d e s c r i b e d  a c o m p a r a t i v e  s t u d y  t o  a s s e s s  t h e  v a r i a t i o n  i n  m e a s u r e d  
" N "  v a l u e s  due  t o  t h e  u s e  o f  d i f f e r e n t  hammers and w e i g h t  r e l e a s e
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m e c h a n i s m s .  The  d i f f e r e n c e  b e t w e e n  t h e  c a t h e a d  and t r i p  hammer 
m e th od  o f  d r i v i n g  was  a p p a r e n t  when t h e  number o f  t u r n s  on t h e  
c a t h e a d  was two o r  g r e a t e r .  T h e y  a g r e e d  w i t h  Frydman ( 1 9 7 0 )  t h a t  
two t u r n s  g a v e  a p e n e t r a t i o n  r e s i s t a n c e  i n  t h e  o r d e r  o f  1 . 4  t i m e s  
t h a t  o b t a i n e d  w i t h  t h e  " t r i g g e r  m e c h a n i s m " ,  and c o n c l u d e d ,  t h a t  
o n e  t u r n  g a v e  a r e s u l t  r o u g h l y  e q u i v e l e n t  t o  a t r i p  hammer.
i i i )  H e i g h t  o f  f a l l  and d r o p  o f  hammer. The  s t a n d a r d  
h e i g h t  o f  f a l l  o f  t h e  w e i g h t  was  o r i g i n a l l y  s p e c i f i e d  as  30 i n .  
( 7 6 2  mm) b u t  t h i s  d i s t a n c e  i s  commonly  u s ed  as  760 mm o r  e v e n  
s o m e t i m e s  750 mm. H o w e v e r  K o v a c s  e t  a l  ( 1 9 7 7 )  and ( 1 9 7 8 ) ,  
t o g e t h e r  w i t h  Schmer tmann ( 1 9 7 6 )  e m p h a s i s e d  t h a t  a s t a n d a r d  i m p a c t  
v e l o c i t y  s h o u l d  be  u s ed  f o r  t h e  SPT .  K o v a c s  e t  a l  ( 1 9 7 7 ) • s u g g e s t e d  
t h a t  t h e  f o l l o w i n g  p o i n t s  s h o u l d  be  s t a n d a r i s e d  t o  a i d  f i n d i n g  t h e  
r e s u l t s  o f  S P T ' s : -
a -  Number o f  t u r n s  o f  r o p e  a r o u n d  t h e  c a t h e a d . .
b-  Rope  a g e .
c -  S pe e d  o f  t h e  c a t h e a d .
d -  M a s t  d i m e n s i o n s .
e -  T y p e  o f  g u i d e .
f -  T y p e  o f  d r o p  w e i g h t .
g -  D e t a i l  o f  s t r i k e r  p l a t e  i n c l u d i n g  p r e s e n c e  o f  wood c u s h i o n .
i v )  SPT t o o l  c o n d i t i o n
F l e t c h e r  ( 1 9 6 5 )  e x p l a i n e d  t h e  use  o f  damaged d r i v e  s h o e ,  on t h e  
s p l i t  spoon  as  an i m p o r t a n t  f a c t o r  a f f e c t i n g  t h e  SPT r e s u l t s .
I n  a d d i t i o n  ASTM: D15 8 6 -6 7  s p e c i f i e s  t h e  m e t a l  w h i c h  t h e  d r i v e  
s h o e  s h o u l d  be  made f r o m  as  h a r d e n e d  s t e e l  and i t  adds  t h a t  t h e  
s h o e  " s h a l l  be r e p l a c e d  o r  r e p a i r e d  when i t  b ecomes  d e n t e d  o r  
d i s t o r t e d " . S i m i l a r  comments  w e r e  g i v e n  f o r  t h e  s p l i t  s p o o n  
c o n d i t i o n .  The  B r i t i s h  and E u r o p e a n  s t a n d a r d  a r e  i d e n t i c a l ,
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e x c e p t  t h a t  t h e  E u ro p e a n  s a m p l e r  head c o n t a i n s  a b a l l  c h e c k  v a l v e .  
D i f f e r e n c e  b e t w e e n  A m e r i c a n  and U . K .  s a m p l e r s  a r e  more  p r o n o u n c e d .
F i g .  2 . 4  i n  C h a p t e r  2 ,  i l l u s t r a t e s  t h e  o v e r a l l  d i m e n s i o n s  and 
f e a t u r e s  o f  t h e  two s a m p l e r s .  The  B . S .  d o e s  n o t  a l l o w  a c h e c k  
v a l v e ;  w h i l e  t h e  ASTM s t a n d a r d s  i m o l i e s  t h a t  t h e  SPT s p o o n  i s  
a s a m n l e r ,  b e c a u s e  t h e  b a l l  c h e c k  v a l v e s  i s  used  t o  h e l p  r e t a i n  
t h e  s a m p l e .  H o w e v e r  i t  n r o b a b l y  i n c r e a s e s  t h e  " N 11 v a l u e s .
v )  W e i g h t  and L e n g t h  o f  d r i l l  r o d s .
Much r e s e a r c h  has b e e n  c a r r i e d  o u t  on t h e  e f f e c t  o f  t h e  l e n g t h  and 
t y p e  o f  t h e  d r i l l  r o d s  on t h e  " N "  v a l u e s  ( G i b b s  and H o l t z ( 1 9 5 7 ) ,
De Go doy  ( 1 9 7 1 ) ,  Adam ( 1 9 7 1 ) , Brown ( 1 9 7 7 ) ) .  I t  has b e e n  c o n c l u d e d  
t h a t  t h e r e  i s  some i n f l u e n c e  on t h e  m e a s u r ed  " N "  v a l u e  on s o i l  
w i t h  l o w e r  d e n s i t i e s  and a t  d e e p e r  d e p t h s .  B r i t i s h  and E u r o p e a n  
s t a n d a r d s  s p e c i f y  t h a t  t h e  s t i f f n e s s  o f  r o d s  s h a l l  be  e q u a l  o r  
g r e a t e r  than  t y p e  "AW"  d r i l l  r o d s  ( 4 3 . 7  mm O . D . ,  34 .1  mm I . D .  
and a p p r o x i m a t e l y  6 kg/m w e i g h t ) ,  w i t h  s t e a d i e s  a t  3 m i n t e r v a l s  
f o r  h o l e s  d e e p e r  th an  15 m o t h e r w i s e  "BW" d r i l l  r o d s  ( 5 4 . 0  mm 
O .D .  4 4 . 4  mm I . D .  and a p p r o x i m a t e l y  8 kg/m w e i g h t )  s h o u l d  be  
u s e d .  H o w e v e r ,  d r i l l e r s  i n  B r i t a i n  a r e  s t i l l  u s i n g  s q u a r e  r o d s  
( 3 2  x 32 mm) up t o  d e p t h s  o f  a b o u t  50 m. ( C l a y t o n  e t  a l , 1 98 2 )  
and t h e  u se  o f  s t e a d i e s  i s  r a r e l y  p r a c t i c e d .  B u t ,  i n  a r e v i e w  
by N i x o n  ( 1 9 8 2 )  o f  e x p e r i m e n t a l  w o r k  on t h e  e f f e c t  o f  r o d  d i a m e t e r  
on SPT v a l u e ,  no s i g n i f i c a n t  d i f f e r e n c e s  was f o u n d  f o r  r o d s  b e t w e e n  
a b o u t  40 t o  50 mm O .D .  and p e r h a p s  up t o  60 mm O.D.  (B rown 1 9 7 7 ) .
T he  c o n c l u s i o n s  f r o m  a c o n s i d e r a b l e  number o f  e x p e r i m e n t s  i n v e s t i g a t ­
i n g  r o d  l e n g t h  a r e  m i x e d .  Some o f  them h a v e  shown t h a t  r o d  l e n g t h  
i s  n o t  an i m p o r t a n t  f a c t o r ,  e s p e c i a l l y  up t o  d e p t h s  o f  20 m. B e l o w  
20 m d e p t h ,  t h e r e  may be  r e d u c t i o n  t o  " N "  due t o  r o d  w h i p ,  
p a r t i c u l a r l y  i f  t h e  s m a l l e r  ' A 1 r o d s  a r e  u s e d .
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v i )  B o r i n g  C o n d i t i o n s  
T he  t y p e  o f  b o r i n g  e q u i p m e n t ,  t h e  u s e  o f  c a s i n g  i n  t h e  b o r e h o l e ,  
s i z e  o f  b o r e h o l e ,  d e p t h  o f  t h e  d i s t u r b e d  z o n e ,  a d e q u a t e  c l e a n i n g  
o f  b o r e h o l e ,  t h e  a d v e r s e  h y d r a u l i c  g r a d i a n t  and t h e  u s e  o f  
d r i l l i n g  mud h a v e  a g r e a t  e f f e c t  on t h e  r e s u l t s  o f  t h e  S PT .  In  
t h e  U . S . A .  and i n  a l m o s t  a l l  o t h e r  c o u n t r i e s  a p a r t  f r o m  t h e  U .K .  
t h e  SPT t e s t  i s  made i n  b o r e h o l e s  w i t h  s t a n d a r d  d r i l l  c a s i n g s  
( 7 3 ,  8 8 . 9 ,  and 1 1 4 . 3  mm. O . D . ) .  In  t h e  U . K .  a nom in a l  c a s i n g  
d i a m e t e r  o f  150 mm o r  200 mm i s  commonly  u s e d .  Assum ing  c a r e f u l  
u s e  o f  t h e  d r i l l i n g  t o o l ,  t h e n  a s  t h e  b o r e h o l e  d i a m e t e r  i n c r e a s e s  
t h e  d a n g e r  f o r  a z o n e  o f  d i s t u r b e d  g r o u n d  t o  f o r m  a t  t h e  b a s e  o f  t h e  b o r i n g  
a l s o  i n c r e a s e s .  From a r e v i e w  o f  t h e  l i t e r a t u r e ,  N i x o n  ( 1 9 8 2 ) ,  
s u g g e s t s  an u p p e r  l i m i t  i n  b o r e h o l e  d i a m e t e r  o f  a b o u t  100 mm. i n  
g r a n u l a r  s o i l  a b o v e  t h i s  d i a m e t e r  some r e d u c t i o n  i n  N - v a l u e  may 
be e x p e c t e d .  A r e d u c t i o n  o f  25% t o  50% was f o u n d  by  L a k e  ( 1 9 7 4 )  
i n  m o v i n g  f r o m  125 mm t o  200 mm d i a m e t e r  c a s i n g  i n  us e  w i t h  p e r c u s s i o n  
b o r i n g  e q u i p m e n t .  A m e r i c a n ,  B r i t i s h  and E u r o p e a n  s t a n d a r d s  s t r e s s  
t h e  need  f o r  m a i n t a i n i n g  a w a t e r  b a l a n c e  i n  b o r i n g s .  Any  h y d r a u l i c  
d i s t u r b a n c e  i s  c o n c e n t r a t e d  a t  t h e  b a s e  o f  t h e  b o r e h o l e .  G e n e r a l l y ,  
t h e  f i n e ,  c l e a n e r  and m ore  u n i f o r m  t h e  sand  t h e  g r e a t e r  t h e  r i s k  
o f  d i s t u r b a n c e .  A l a r g e  h y d r a u l i c  i m b a l a n c e  may d e v e l o p  " b l o w i n g  
s a n d "  a t  t h e  b o t t o m  o f  t h e  b o r e h o l e ,  and SPT v a l u e s  w i l l  d r o p  t o  
a f r a c t i o n  o f  t h e i r  t r u e  amount  ( T e r z a g h i  and P e c k  ( 1 9 4 $ ) S u t h e r l a n d ,
1 9 6 3 ) .  Th e  h a z a r d s  o f  n o t  m a i n t a i n i n g  t h e  w a t e r  b a l a n c e  i n  p e r c u s s i o n  
b o r i n g s  h a v e  l o n g  b e e n  a p p r e c i a t e d .  The  p r o b l e m  o f  s u c t i o n  a s  t h e  
s h e l l  i s  w i t h d r a w n  i s  q u i t e  common. T h i s  d i f f i c u l t y  i s  n o r m a l l y  
o v e r c o m e  by  m a i n t a i n i n g  a head  o f  w a t e r  i n  t h e  b o r e h o l e  s u f f i c i e n t  t o  
s t o p  any  d i s t u r b a n c e  o f  t h e  sand  a t  t h e  b o t t o m  o f  t h e  b o r e h o l e *
S o m e t im e s  i t  r e q u i r e s  t h e  c a s i n g  t o  be  e x t e n d e d  a b o v e  t h e  g r o u n d  l e v e l
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t o  i n c r e a s e  t h e  head o f  w a t e r  on t h e  sand  t o  s t o p  any  m ovem en t  
o f  t h e  sand p a r t i c l e s  i n s i d e  t h e  c a s i n g .  I n  r o t a r y  wash b o r i n g s ,  
t h e  r e m o v a l  o f  t h e  d r i l l  r o d s  a t  a r a t e  t o o  r a p i d  t o  p e r m i t  w a t e r  
t o  r e p l a c e  t h e  v o lu m e  o f  t h e  r o d s  can  c a u s e  a w a t e r  i m b a l a n c e .  
F u l l - s c a l e  f i e l d  o b s e r v a t i o n s  by  t h e  w r i t e r  o f  t h i s  t h e s i s  f o r  
a c a s e  o f  c l e a n  u n i f o r m  f i n e  sand  b l o w i n g  i n s i d e  t h e  c a s i n g  o f  
t h e  b o r e h o l e  s i x  m e t e r s  a b o v e  t h e  o r i g i n a l  b o r i n g  l e v e l  d u r i n g  t h e  
w i t h d r a w a l  o f  t h e  s h e l l  o r  t h e  d r i l l  r o d s  i n  d e e p  b o r e h o l e s  
( 5 0  m b e l o w  g r o u n d  s u r f a c e ) ,  T h i s  f o r c e d  t h e  d r i l l e r  t o  e x t e n d  
t h e  c a s i n g  2 m a b o v e  t h e  g r o u n d  s u r f a c e  w i t h  t h e  w a t e r  a l w a y s
m a i n t a i n e d  a t  t h e  t o p  o f  t h e  c a s i n g  l e v e l .  I n  a d d i t i o n  t h e  p r o c e s s
o f  l i f t i n g  t h e  e q u i p e m e n t  i n s i d e  t h e  b o r e h o l e  n e e d e d  t o  be  v e r y  s l o w .
v i i )  M i s c e l l a n e o u s  t e s t i n g  f a c t o r s
F l e t c h e r  ( 1 9 6 5 )  n o t e d  t h a t  t h e  use  o f  a s l i d i n g  w e i g h t  t h a t  can 
s t r i k e  t h e  d r i v e  cap  on a n v i l  e c c e n t r i c a l l y ,  and t h e  e x c e s s i v e  
d r i v i n g  o f  s p l i t  s po o n  b e f o r e  s t a r t i n g  c o u n t i n g  t h e  b l o w s  may 
h a v e  an a f f e c t  on t h e  " N "  v a l u e s .
3 . 1 . 5 . 2  F a c t o r s  Due t o  Ground C o n d i t i o n s
( i )  S o i l  t y p e
T he  r e c o r d e d  SPT ( N )  v a l u e s  d e p e n d  upon t h e  s o i l  t y p e  b e i n g  p e n e t r a t e d  
d u r i n g  t h e  t e s t .  F o r  e x a m p l e  t h e  N v a l u e  f o r a  s t i f f  c l a y  may be 
t y p i c a l  f o r  o n l y  a m e d iu m - d e n s e  sand
( i i )  G r a i n  p r o p e r t i e s
H o l u b e c  and D ' A p p o l o n i a  ( 1 9 7 2 ) ,  as  a r e s u l t s  o f  mode l  t e s t s  p e r f o r m e d  
i n  t h e  l a b o r a t o r y ,  s u g g e s t e d  t h a t  t h e  SPT i s  i n f l u e n c e d  by  t h e  
a n g u l a r i t y  o f  g r a n u l a r  s o i l s ,  i n  a d d i t i o n  t o  t h e i r  d e n s i t y .
( i i i )  E f f e c t  o f  s u b m e r g e n c e
T e r z a g h i  and P e c k  ( 1 9 4 8 )  recommended a c o r r e c t i o n  f o r  t h e  " N "  v a l u e  
f o u n d  b e n e a t h  t h e  w a t e r  t a b l e  f o r  d e n s e  f i n e  o r  s i l t y  san d
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e x c e e d i n g  15 f o r  w h i c h  t h e  c o r r e c t e d  number o f  b l o w s  i s  e q u a l  t o  
1 5 +  J (N  ~ 1 5 ) .  B a z a r a a  ( 1 9 6 7 ) ,  De M e l l o  ( 1 9 7 1 )  R o d i n  e t  a l  
( 1 9 7 4 ) ,  S u t h e r l a n d  ( 1 9 7 4 ) ,  and BS 1377 :  1975 have  m e n t i o n e d  
c o r r e c t i o n  f o r  t h e  " N "  v a l u e  t o  a c c o u n t  f o r  su bm erged  d e n s e  
g r a n u l a r  s o i l s .  T e r z a g h i  and P e c k  ( 1 9 6 7 )  a ban doned  t h e  s p e c i f i c  
c o r r e c t i o n  t o  t h e  m e a s u r e d  b l o w  c o u n t .  P e c k  e t  a l  ( 1 9 7 4 )  c o n f i r m e d  
t h e  move  aw a y  f r o m  a s p e c i f i c  r e d u c t i o n  f o r  h i g h  " N "  v a l u e s  i n  
d e n s e  f i n e  g r a n u l a r  s o i l  s i t u a t e d  b e l o w  w a t e r  t a b l e . M e y e r h o f  
( 1 9 5 6 )  showed t h a t  t h e  r e d u c t i o n  i s  r a t h e r  o v e r c o n s e r v a t i v e ,  
w h i l s t  P a r r y  ( 1 9 7 7 )  a r g u e d  t h a t  t h e  e f f e c t  o f  t h e  w a t e r  t a b l e  i s  
r e f l e c t e d  i n  t h e  "N "  v a l u e  as  m e a s u r e d .
( i v )  D e n s i t y  and o v e r b u r d e n  p r e s s u r e  e f f e c t s  
G i b b s  and H o l t z  ( 1 9 5 7 ) ,  i n  a s e r i e s  o f  l a b o r a t o r y  t e s t s ,  d e m o n s t r a t e d  
t h e  e f f e c t  o f  o v e r b u r d e n  p r e s s u r e s  on t h e  r e l a t i v e  d e n s i t y  o f  s an ds  
a s  r e f l e c t e d  by  t h e  SPT b l o w  c o u n t .  The  u p p e r  p a r t  o f  F i g .  3 . 3  
c o m p a r e s  t h e  r e s u l t s  o f  G i b b s  and H o l t z  w i t h  t h o s e  o f  B a z a r a a  on 
t h e  e f f e c t s  o f  t h e  o v e r b u r d e n  p r e s s u r e  on t h e  r e l a t i v e  d e n s i t y  
and t h e  " N "  v a l u e  o f  g r a n u l a r  m a t e r i a l s .  D ' A p p o l o n i a  e t  a l  
( 1 9 6 8 )  showed t h e  i n f l u e n c e  o f  o v e r b u r d e n  on "N "  v a l u e s ,  by  r u n n ­
i n g  t e s t s  a t  a s i t e  b e f o r e  and a f t e r  d e e p  e x c a v a t i o n  has b e e n  m ade .  
M a r c u s s o n  and B i e g a n o u s k y  ( 1 9 7 7 ,  b )  c o r r e c t e d  " N "  v a l u e s  w i t h  
r e l a t i v e  d e n s i t y  and o v e r b u r d e n  p r e s s u r e  f r o m  f u l l - s c a l e  l a b o r a t o r y  
t e s t s .  T h e y  c o n c l u d e d  t h a t  a s i m p l i f i e d  c u r v e  f o r  a l l  c o h e s i o n l e s s  
s o i l s  u n d e r  a l l  c o n d i t i o n s  i s  n o t  v a l i d .
F u l l - s c a l e  f i e l d  o b s e r v a t i o n  by M e i g h  and N i x o n  ( 1 9 6 1 ) ,
P h i l c o x  ( 1 9 6 2 ) ,  and Z a l k o v  and Wiseman ( 1 9 6 5 ) ,  w h e r e  SPT t e s t s  
w e r e  a l s o  made b e f o r e  and a f t e r  g r o u n d  e x c a v a t i o n ,  c o n f i r m e d  t h e  
i n f l u e n c e  o f  o v e r b u r d e n  p r e s s u r e  on N - v a l u e s .  Such r e s u l t s  l e d  
B a z a r a a  ( 1 9 6 7 )  t o  d e c i d e  a m ore  r e a l i s t i c  a p p r o a c h  t o  f i n d  an
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o v e r b u r d e n  c o r r e c t i o n  f o r  SPT v a l u e s  w o u l d  be t o  e x a m i n e  f i e l d  
d a t a .  B a z a r a a  ( 1 9 6 7 )  u s e d  a b o u t  1300 p e n e t r a t i o n  v a l u e s ,  f o r  d r y  
and subm erg ed  c o a r s e  s a n d ,  a t  t w e n t y  f i v e  d i f f e r e n t  s i t e s .  He 
c o m p a r e d  h i s  w o rk  w i t h  G i b b s  and H o l t z  ( 1 9 5 7 )  c o r r e c t i o n  c h a r t  
o f  o v e r b u r d e n  p r e s s u r e  v e r s u s  N - v a l u e .  B a z a r a a  p r o p o s e d  a r e v i s e d  
o v e r b u r d e n  p r e s s u r e  c o r r e c t i o n  f o r  " N "  v a l u e s  w h i c h  i s  shown 
co m p a r e d  t o  t h e  o r i g i n a l  G ib b s  and H o l t z  c h a r t  i n  F i g .  3 . 3 .
( v )  P r i n c i p a l  e f f e c t i v e  s t r e s s e s .
L a t e r  w o r k  has shown t h a t  t h e  l a t e r a l  e f f e c t i v e  s t r e s s  may h a ve  
e v e n  more  o f  an e f f e c t  on  t h e  " N "  v a l u e  t h a n  t h e  o v e r b u r d e n  
p r e s s u r e .  Z a l k o v  and Wiseman ( 1 9 6 5 )  c o n c l u d e d  t h a t  " N "  v a l u e s  
d e c r e a s e  a s  a r e s u l t  o f  t h e  r e m o v a l  o f  o v e r b u r d e n ,  b u t  d i d  n o t  
d e c r e a s e  as  much as  w o u l d  be  r e d i c t e d  by  c o n s i d e r i n g  t h e  l a r g e  
r e d u c t i o n  i n  v e r t i c a l  e f f e c t i v e  s t r e s s .  Schmertmann ( 1 9 7 6 )  and 
De M e l l o  ( 1 9 7 1 )  c o n c l u d e d  t h a t  t h e  i n s i t u  h o r i z o n t a l  s t r e s s e s  
h a v e  a t  l e a s t  t w i c e  t h e  p r o p o r t i o n a l  e f f e c t  o f  t h e  v e r t i c a l  s t r e s s .
3 . 2  ORIGIN AND L IM IT A T IO N S  OF DYNAMIC SOUNDING (D IN  4 0 9 4 )
T he  German s t a n d a r d  (D IN  4 0 9 4 )  shows when s o u n d i n g  can 
be u s e d  i n  s i t e  i n v e s t i g a t i o n  and w h i c h  v a l u e s  may be  r e l i a b l y  
u s e d  i n  t h e  d e s i g n  o f  f o u n d a t i o n s .  The  s t a n d a r d  a l s o  d e s c r i b e s  
w h a t  s o r t  o f  c o n s i d e r a t i o n s  h a v e  t o  b e  t a k e n  i n t o  a c c o u n t  i n  
a n a l y s i n g  t h e  r e s u l t s  and g i v e s  so.me i n f o r m a t i o n  on t h e  e v a l u a t i o n  
o f  t h e  r e s u l t s .
3 . 2 . 1  A p p l i c a t i o n  o f  S o u n d i n g s
S o u n d in g s  ca n  be  used  f o r  s u p p l e m e n t i n g  e x p l o r a t i o n  r e s u l t s  
a l r e a d y  a v a i l a b l e .  R e s u l t s  o f  s o u n d i n g  p e r m i t  c o n c l u s i o n s  t o  be  
dr awn  on t h e  d e n s i t y  o f  c o h e s i o n l e s s  s o i l ,  and t h e  c o m p r e s s i b i l i t y
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and t h e  s h e a r i n g  s t r e n g t h  o f  t h e  s o i l s .  D i f f e r e n t  t y p e s  o f  p e n e t r a ­
t i o n  t e s t s  can  be used  d e p e n d i n g  b o t h  on t h e  o b j e c t i v e  and r e q u i r e d  
d e p t h  o f  i n v e s t i g a t i o n  and a l s o  on t h e  n a t u r e  and c o n d i t i o n  o f  t h e  
s o i l .  The  r e s o l u t i o n  o f  t h e  r e s u l t s  d e c r e a s e s  f o r  g i v e n  s o i l  
c o n d i t i o n s  w i t h  i n c r e a s i n g  t h e  mass o f  t h e  hammer and d e c r e a s i n g  
d i a m e t e r  o f  t h e  p e n e t r o m e t e r  c o n e .
3 . 2 . 2  F a c t o r s  I n f l u e n c i n g  t h e  R e s u l t s  o f  S o u n d i n g s
The  p e n e t r a t i o n  r e s i s t a n c e  i s  d e p e n d e n t  on t h e  m e c h a n i c a l  
s t r e n g t h  and d e f o r m a t i o n  p r o p e r t i e s  o f  t h e  s o i l ,  t h e  t y p e  o f  
p e n e t r o m e t e r  and t h e  p r o c e d u r e  f o l l o w e d  i n  t h e  t e s t .  DIN 4094 
e x p l a i n e d  w i t h  p r a c t i c a l  e x a m p l e s  t h e  f a c t o r s  a f f e c t i n g  t h e  
r e s u l t s  o f  d y n a m ic  p e n e t r a t i o n .  T h e s e  a r e  s i m i l a r  t o  t h o s e  
m e n t i o n e d  i n  3 . 1 . 5  o f  t h i s  c h a p t e r  and t h e y  a r e  su m mar i sed  as  
f o l l o w s : -
i  ) I n f l u e n c e  o f  t h e  s o i l  c o n d i t i o n ,  i n c l u d i n g  d e n s i t y ,  s h a p e  o f  
t h e  p a r t i c l e s  and t h e  e x i s t a n c e  o f  s t o n e  p i e c e s  i n  t h e  g r a n u l a r  
m a t e r i a l .
i i )  C e m e n t in g  o f  t h e  s o i l  i n c r e a s e s  t h e  p e n e t r a t i o n  r e s i s t a n c e ,  
i i i )  P a r t i c l e  s i z e  d i s t r i b u t i o n  and t h e  p a r t i c l e  s i z e  i t s e l f  h a v e  
a g r e a t  e f f e c t  on t h e  p e n e t r a t i o n  r e s i s t a n c e . .
i v )  The  p e n e t r a t i o n  r e s i s t a n c e  f l u c t u a t e s  m ore  s h a r p l y  w i t h  s a nd s  
and e v e n  m ore  w i t h  g r a v e l s  th an  w i t h  s i l t s  and c l a y ,  
v ) The  p e n e t r a t i o n  r e s i s t a n c e  i n  p e a t s  d e p e n d s  on t h e i r  g e o l o g i c a l  
h i s t o r y ,  s t r u c t u r e  and t h e  a d m i x t u r e s  o f  o t h e r  t y p e  o f  s o i l ,
v i )  Dynamic  p e n e t r a t i o n  w i t h o u t  c a s i n g  can  be  us ed i n  medium d e n s e  
t o  d e n s e  g r a n u l a r  s o i l s  p a r t i c u l a r l y  o v e r  t h e  w a t e r  t a b l e ,  b e c a u s e  
t h e  c o n e  o f  t h e  p e n e t r o m e t e r  i s  w i d e r  th a n  t h e  p e n e t r o m e t e r  r o d  
and t h e  s k i n  f r i c t i o n  i s  n o t  o f  g r e a t  s i g n i f i c a n c e  i n  such s o i l s .
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v i i )  I n f l u e n c e  o f  t h e  o v e r b u r d e n  and d e p t h ,
v i i i )  I n f l u e n c e  o f  g r o u n d  w a t e r .
i x  ) I n f l u e n c e  f r o m  t h e  a p p a r a t u s  i n c l u d i n g  t h e  c o n e  d i a m e t e r ,  
t h e  l e n g t h  o f  t h e  r o d ,  l a c k  o f  s u p p o r t  f o r  t h e  r o d ,  and d e p a r t u r e  
o f  t h e  r o d  f r o m  v e r t i c a l i t y .
x ) I n f l u e n c e  o f  t h e  m e thod  o f  o p e r a t i o n .
3 . 2 . 3  P o s s i b l e  M e th o d s  o f  E v a l u a t i o n
S o u n d i n g s  a r e  w i d e l y  used  i n  e n g i n e e r i n g  e v a l u a t i o n  o f  
s o i l  p r o p e r t i e s .  DIN 4094 g i v e s  o n l y  i n f o r m a t i o n  on r e l a t i o n s h i p s  
b e t w e e n  t h e  p e n e t r a t i o n  r e s i s t a n c e  and s o i l  c o n d i t i o n  w h e r e  t h e  
r e l a t i o n s h i p s  h a v e  b e en  s u p p o r t e d  by t e s t  d a t a  and t h e y  a r e  
d i v i d e d  i n t o  two t y p e s .
*
3 . 2 . 3 . 1  E m p i r i c a l  E v a l u a t i o n
F o r  e m p i r i c a l  e v a l u a t i o n  o f  p e n e t r a t i o n  r e s i s t a n c e  a 
g e n e r a l  k n o w l e d g e  o f  t h e  s o i l  c o n d i t i o n s  i s  n e c e s s a r y  and i t  i s  
p o s s i b l e  i n  t h e  f o l l o w i n g  c a s e s .
i  ) F o r  d e t e c t i n g  t h e  u n i f o r m i t y  o f  t h e  s u b s o i l  on  a f i l l  m a t e r i a l ,  
i i )  F o r  a s s e s s i n g  v e r y  l o o s e  o r  d e n s e  z o n e s  o r  l a y e r s  o f  f i l l e d  
z o n e s  o r  r o c k  f o r m a t i o n .
i i i )  F o r  m e a s u r i n g  t h e  s u c c e s s  o f  c o m p a c t i o n  o p e r a t i o n  by  c o m p a r i n g  
t h e  p e n e t r a t i o n  r e s i s t a n c e  b e f o r e  and a f t e r  g e t t i n g  t h e  d e s i r e d  
v a l u e .
3 . 2 . 3 . 2  Q u a n t i t a t i v e  E v a l u a t i o n
I n  t h i s  t y p e  o f  e v a l u a t i o n  o f  p e n e t r a t i o n  r e s i s t a n c e  i t  
i s  assumed t h a t  t h e  t y p e s  o f  s o i l  t h r o u g h  w h i c h  t h e  p e n e t r a t i o n  
t e s t  i s  p e r f o r m e d  a r e  known. T h e  r e l a t i o n s h i p s  g i v e n  b e l o w  a r e
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e m p i r i c a l l y  d e r i v e d  f r o m  a l a r g e  number  o f  t e s t  r e s u l t s .  The  
s t a n d a r d  d e m o n s t r a t e s  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  p e n e t r a t i o n  
r e s i s t a n c e  e x p r e s s e d  by  t h e  number  o f  b l o w s /10 cm ( n ^  ) and t h e  
b e d d i n g  d e n s i t y  (D )  o r  and t h e  r e l a t i v e  b e d d i n g  d e n s i t y  ( 1 ^ )  
w h e r e
n
n max -  n   ( e q .  3 . 1 )
n n
max -  min
w h e r e  n i s  t h e  p o r o s i t y  o f  t h e  s o i l
e
I  -  max I  e    ( e q .  3 . 2 )
D ~ e  e
max -  mi n
w h e r e  e  i s  t h e  v o i d  r a t i o  o f  t h e  s o i l .
F i g .  3 .1 1  ( a , b , c )  shows t h e  r e l a t i o n  b e t w e e n  l o g a r i t h i m  ( n ^ )  and 
t h e  b e d d i n g  d e n s i t i e s  f o r  c o a r s e  g r a i n e d  g r a n u l a r  s o i l  w i t h  a f i n e  
p a r t i c l e  s i z e  f r a c t i o n  ( <  0 . 0 6  m) o f  < 5% . i s  t h e  number
o f  b l o w s  r e q u i r e d  t o  d r i v e  t h e  p e n e t r o m e t e r  30 cm i n t o  t h e  s o i l  
i n  t h e  SPT t e s t s  and 10 cm f o r  a l l  o t h e r  t e s t s .
3 . 3  DYNAMIC PENETRATION INSIDE CALIBRATION CHAMBERS
T h e  p r o b l e m s  o f  c a l i b r a t i n g  i n - s i t u  t e s t i n g  e q u i p m e n t  i n  
t h e  f i e l d  can be  o v e r c o m e  by  u s i n g  a c a l i b r a t i o n  c h a m b e r ,  w h e r e  
t h e  t e s t  can be  p e r f o r m e d  u n d e r  c o n d i t i o n s  o f  c o n t r o l l e d  s t r e s s e s  
d e n s i t i e s ,  h o m o g e n e i t y ,  c e m e n t i n g  and o t h e r s  f a c t o r s .  T h e r e  a r e  
two a l t e r n a t i v e  d e s i g n s  f o r  c a l i b r a t i o n  c h a m b e r s .
i )  F l e x i b l e  w a l l  c h a m b e r s :  P l a n t e m a  ( 1 9 5 7 ) ,  H o l d e n  ( 1 9 7 1 ) ,  Chapman
( 1 9 7 4 ) ,  A l - A w k a t i  ( 1 9 7 5 ) ,  and B e l l o t t i  e t  a l  ( 1 9 7 9  a and b )  and 
D i k r a n  ( 1 9 8 3 )  h a v e  w o r k e d  on t h i s  t y p e  o f  chamber  w h e r e  t h e  
s p e c i m e n  i s  e n c l o s e d  i n  a f l e x i b l e  r u b b e r  membrane and s t r e s s e d  
l a t e r a l l y  by  w a t e r .
i i )  R i g i d  w a l l - c h a m b e r s :  G i b b s  and H o l t z  ( 1 9 5 7 ) , S c h u l t z e  and
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a.
Number of blows 1%
Uniformity coefficient U43 
(without ground water)
Number of blows n]c
b. Uniformity coefficient U43 
(under ground water)
Number of blows n^
c. Uniformity coefficient U46 
(without ground water)
See table 2. 3 (Chapter 2) for SRS, LRS,and SPT
Fig: 3.11 • . . . . . .
Bedding density D as a function of the number of blows nfc for sand 
(from DIN 4094)
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M e l z e r  ( 1 9 6 5 ) ,  and Rocha  F i l h o  ( 1 9 7 9 )  h a v e  w o r k e d  on t h i s  t y p e  o f  
ch am ber  w h e r e  t h e  s a m p l e  i s  p u t  i n s i d e  a r i g i d  w a l l  c o n t a i n e r ,  
u s u a l l y  made o f  s t e e l  o r  any  o t h e r  r i g i d  m a t e r i a l .  T h i s  im p o s e s  
a c o n d i t i o n  o f  no  l a t e r a l  d e f o r m a t i o n  w h i l s t  t e s t i n g  t h e  s p e c i m e n ,  
b u t  v e r t i c a l  f r i c t i o n  b e t w e e n  t h e  s o i l  and t h e  w a l l  can  s e r i o u s l y  m o d i f y  
t h e  s t r e s s e s  i n  t h e  s o i l  s p e c i m e n .  F o r  a g i v e n  s p e c im e n  
s i z e ,  t h e  i n f l u e n c e  o f  a r i g i d  b o u n d a r y  on t h e  p e n e t r a t i o n  r e s i s t a n c e  
i s  much m ore  c r i t i c a l  tha n  t h a t  o f  a f l e x i b l e  b o u n d a r y  b e c a u s e  t h e  w a l l  
f r i c t i o n  c a u s e s  an u n d e s i r a b l e  ch a n g e  i n  t h e  s o i l  s t r e s s  w i t h  
d e p t h .  H a d a la  ( 1 9 6 8 )  f o u n d  t h a t  t h e  s o i l  s t r e s s e s  due  t o  d ea d  
w e i g h t  i n  a r i g i d  w a l l  chamber  c o u l d  be  r e d u c e d  by  50% a t  a d e p t h  
e q u a l  t o  t h e  s p e c i m e n  d i a m e t e r  and by  30% o f  t h e  a p p l i e d  l o a d  on 
t h e  s u r f a c e  o f  t h e  s p e c i m e n .  F o r  r i g i d  ch am bers  t o  h a v e  a s m a l l  
e f f e c t ,  a v e r y  w i d e  t e s t  chamber  i s  r e q u i r e d .  To  i n v e s t i g a t e  
t h e  e f f e c t s  o f  t h e  b o u n d a r y  on t h e  p e n e t r a t i o n  r e s i s t a n c e  Gawad 
( 1 9 7 6 )  c a r r i e d  o u t a l a r g e  number o f  s t a n d a r d  p e n e t r a t i o n  t e s t s  i n  
t h e  l a b o r a t o r y  u s i n g  s t e e l  t a n k s  o f  d i f f e r e n t  d i a m e t e r s .  He 
p l o t t e d  t h e  r e l a t i o n s h i p  b e t w e e n  " N "  v a l u e s  and v a r i o u s  t a n k  
d i a m e t e r s  f o r  t h e  same d e n s i t i e s .  He f o u n d  t h a t  a t a n k  2.0 m. i n  d i a m e t e r  
( d s / d p  <= 4 0 ) w a s  t h e  m o s t  s u i t a b l e  as  f a r  as  t h e  b o u n d a r y  e f f e c t s  
w e r e  c o n c e r n e d .  H o l d e n  ( 1 9 7 1 )  e x p l a i n e d  t h e  r i g i d  w a l l  chamber  
w h i c h  was c o n s t r u c t e d  i n  D e l f t  S o i l  M e c h a n i c s  L a b o r a t o r y  i n  
H o l l a n d  200 t i m e s  t h e  d i a m e t e r  o f  t h e  p e n e t r o m e t e r ,  n a m e l y  s e v e n  
m e t e r s  in  d i a m e t e r .  The  c o s t  and t h e  w o r k  i n v o l v e d  i n  c a r r y i n g  o u t  a 
s i n g l e  t e s t  w o u l d  be  p r o h i b i t i v e .  G i b b s  and H o l t z  ( 1 9 5 7 )  c a r r i e d  
o u t  S P T ' s  on  c o a r s e  and f i n e  sand i n s i d e  a h e a v y  s t e e l  r i g i d  
w a l l e d  t a n k  0 . 9 0  m. i n  d i a m e t e r  by  1 . 2 0  m h i g h .  T h e s e  d i m e n s i o n  
g i v e  a s p e c i m e n  t o  p e n e t r o m e t e r  r a t i o  o f  a b o u t  1 8 ,  w h i c h  i s  l o w e r  
t h a n  t h e  r a t i o  recom mended  by  A l - A w k a t i  ( 1 9 7 5 )  f o r  f l e x i b l e  w a l l e d  
c ham bers  and w e l l  b e l o w  t h e  recommended d i a m e t e r  o f  r i g i d  w a l l e d
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chambe r  t o  c a r r y  SPT t e s t s  g i v e n  by  Gawad ( 1 9 7 6 ) .  T h e r e f o r e  
i t  i s  b e l i e v e d  t h a t  v e r t i c a l  f r i c t i o n  b e t w e e n  t h e  s o i l  and t h e  
w a l l  c o u l d  s e r i o u s l y  m o d i f y  t h e  s t r e s s e s  i n  t h e  s o i l  s p e c i m e n s .
T h e i r  c u r v e s  h a v e  b e e n  c r i t i c i s e d  and c o r r e c t e d  by  may r e s e a r c h e r s  
a s  e x p l a i n e d  e a r l i e r  i n  s e c t i o n  3 . 1 . 2 . 2  o f  t h i s  c h a p t e r .
Rocha F i l h o  ( 1 9 8 2 )  a l s o  u s e d  a r i g i d  w a l l e d  ch am b er  t o  c a r r y  
o u t  c o n e  p e n e t r a t i o n  t e s t s  i n  s a t u r a t e d  sand w i t h  p o r e  w a t e r  p r e s s u r e s  
m e as u re m e n t  u s i n g  a s t a n d a r d  F u g r o  e l e c t r i c  t y p e  c o n e  w i t h  a p i e z o ­
m e t e r  f i l t e r  ad ded  a t  t h e  c o n i c a l  p o i n t .  The  d i a m e t e r  o f  t h e  
chamber  was 0 . 7 6  m. w h i c h  i n t r o d u c e d  a s i m i l a r  r a t i o  t o  t h a t  u s e d  
by  G ib b s  and H o l t z ,  w h i c h  w o u l d  be  e x p e c t e d  t o  p r o d u c e  i n a c c u r a t e  
r e s u l t s .
3 . 3 . 1  R e v i e w  o f  F l e x i b l e  W a l l  C a l i b r a t i o n  Chambers
D i k r a n  ( 1 9 8 3 )  made a b r i e f  r e v i e w  o f  f l e x i b l e  w a l l  ch am bers  
w h i c h  had be en  u s e d  i n  d i f f e r e n t  C o u n t r i e s  and U n i v e r s i t i e s  t o  
d a t e .  He s t a r t e d  w i t h  P l a n t e m a  ( 1 9 5 3  a )  w h e r e  t h e  s k e t c h  o f  t h e  
chamber  i s  shown i n  F i g .  3 . 1 2 .  He t h e n  e x p l a i n e d  b r i e f l y  t h e  
chamber  w h ic h  was d e s i g n e d  by t h e  C o u n t r y  Road B o a r d ,  V i c t o r i a  
A u s t r a l i a  (CRB)  and d e s c r i b e d  by Chapman ( 1 9 7 4 ) .  T h i s  chamber  
c o u l d  t a k e  a s p e c i m e n  o f  0 . 7 6  m d i a m e t e r  by  0 . 9 0  m h i g h  as  shown 
i n  F i g .  3 . 1 3 .  A l a r g e r  cham ber  was b u i l t  i n  1970 a t  t h e  U n i v e r s i t y  
o f  F l o r i d a  ( U . S . A . )  u n d e r  t h e  g u i d a n c e  o f  J . C .  H o l d e n .  T he  same 
e n g i n e e r  c o n t r i b u t e d  t o  t h e  c o n s t r u c t i o n  o f  t h e  C . R . B .  cham ber  
( H o l d e n  19 71 ,  Schmertmann 1 9 7 2 ) .  T h i s  cham ber  can  t a k e  a s p e c i m e n  
1 . 2 2  m d i a m e t e r  by 1 . 2 2  m h i g h .  H o l d e n  a l s o  h e l p e d  i n  b u i l d i n g  
t h e  t h i r d  cham ber  a t  Monash U n i v e r s i t y , A u s t r a l i a , w h i c h  has  t h e  
same d i a m e t e r  a s  t h e  F l o r i d a  chamber  b u t  w i t h  a h e i g h t  o f  1 . 8 2  m
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L o a d
F I G .  3 . 1 2 .  CROSS SECTION OF CALIBRATION CHAMBER USED 
BY PLANTEMA ( 1 9 5 3 )
AFTER DIKRAN ( 1 9 8 3 )
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Centre boss
T o p  p l a t e n
O - r i n g  s e a l
S i d e  m e m b r a n e
B a s e  m e m b r a n e
ft
D o u b l e  w a l l  
b a r r e l
M e m b r a n e  
c l a m p i n g  r i n g
C y l i n d e r
O - r i n g  s e a l
B a s e
B u s h  
O - r i n g  s e a l  ^
L .V .D .T .
ft 4 f t  0 • • • * ®
C o n c r e t e  s t r o n g  f l o o r
jfi&jr.P * ±  ..
L.V.D.T .  r o d
F I G .  3 . 1 3 .  CROSS SECTION OF A FLEXIBLE WALL CHAMBER 
(FROM CHAPMAN 1 974 )
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Chapman ( 1 9 7 4 )  has r e p o r t e d  t h e  d e t a i l s  o f  t h i s  c ha m b e r .  A l a r g e  
c a l i b r a t i o n  cham be r  was b u i l t  i n  I t a l y  f o r  t h e  I t a l i a n  N a t i o n a l  
E l e c t r i c i t y  Boa rd  (ENEL)  t o  c a l i b r a t e  some i n - s i t u  t e s t i n g  
d e v i c e s  u n d e r  c o n t r o l l e d  s t r e s s  and s t r a i n  c o n d i t i o n s .  T h i s  
cham ber  can  accom m oda te  a s p e c i m e n  1 . 2 0  m i n  d i a m e t e r  by  1 . 5 0  m. 
h i g h .  T h i s  cham ber  i s  e x p l a i n e d  by B e l l o t t i  e t  a l  ( 1 9 7 9  a , b ) .
3 . 3 . 1 . 1  S i z e  and B o u nd a ry  C o n d i t i o n s
Many r e s e a r c h e r s  h av e  w o r k e d  on t h e  opt imum s i z e  o f  t h e  
s p e c i m e n  r e l a t e d  t o  t h e  s i z e  o f  t h e  p e n e t r o m e t e r s  w h i c h  can  be 
u s e d  w i t h o u t  a f f e c t i n g  t h e  p e n e t r a t i o n  r e s u l t s .  A l - A w k a t i  ( 1 9 7 5 )  
and H o l d e n  ( 1 9 7 1 )  c o n d u c t e d  c a l i b r a t i o n  t e s t s  i n  a f l e x i b l e  
b o u n d a r y  ch amber  u s i n g  Dutch c o n e  p e n e t r o m e t e r s .  H o l d e n  ( 1 9 7 1 )  
showed  t h a t  a s p e c im e n  t o  p e n e t r o m e t e r  d i a m e t e r  r a t i o  o f  21 can 
be t a k e n  as a minimum w h i l e  A l - A w k a t i  ( 1 9 7 5 )  p r o v e d  t h a t  20 i s  
s a t i f a c t o r y  by  u s i n g  t h e  a n a l y s i s  o f  c a v i t y  e x p a n s i o n  t h e o r y  i n  d e n s e  
C h a t t a h o o c h i  s a n d .  I d e a l l y ,  t h e  b o u n d a r y  p r o v i d e d  by  a f l e x i b l e  
w a l l  cham ber  s h o u l d  h a v e  no i n f l u e n c e  on t h e  r e s i s t a n c e  t o  
p e n e t r a t i o n .  P a r k i n  and Lunne ( 1 9 8 2 )  p e r f o r m e d  c o n e  p e n e t r a t i o n  
t e s t s  i n  two d i f f e r e n t  c a l i b r a t i o n  c h a m b e r s ,  u s i n g  p e n e t r o m e t e r s  
o f  two  d i f f e r e n t  s i z e s ,  i n  o r d e r  t o  s t u d y  t h e  i n f l u e n c e  o f  s i z e  
and b o u n d a r y  c o n d i t i o n s  on t h e  m e a s u r e d  c o n e  r e s i s t a n c e .  Th ey  
s u g g e s t e d  t h a t  a d i a m e t e r  r a t i o  o f  a b o u t  50 i s  d e s i r a b l e  f o r  
n o r m a l l y  c o n s o l i d a t e d d e n s e  sand (D r  -  90%) and p r o b a b l y  a b o u t  
100 f o r  o v e r c o n s o l i d a t e d  d e n s e  s a n d .  I t  a p p e a r s  t h a t  P a r k i n  
and L u n n e 1s ( 1 9 8 2 )  r e s u l t s  a r e  c o n t r o l l e d  by  t h e  v e r t i c a l  f o r c e  
e q u i l i b r i u m  o f  t h e  s p e c i m e n  and t h e  f a c t  t h a t  v e r t i c a l  s t r e s s  
a t  t h e  b a s e  o f  t h e i r  s p e c i m e n s  i s  m a i n t a i n e d  c o n s t a n t  d u r i n g  
p e n e t r a t i o n  t e s t i n g .  Thus i t  i s  b e l i e v e d  t h a t  t h e i r  r e s u l t s  
are-  p r o b a b l y  n o t  r e l e v a n t  t o  d y n a m ic  p e n e t r a t i o n  t e s t i n g .  The
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m a g n i t u d e  o f  t h i s  i n f l u e n c e  d e pe n d s  o n : -
i ) R a t i o  b e t w e e n  t h e  d i a m e t e r  o f  t h e  s p e c i m e n  t o  t h e  d i a m e t e r  o f  
t h e  p e n e t r o m e t e r ,
i i )  The  s t r e s s  and s t r a i n  c o n d i t i o n s  a t  t h e  b o u n d a r y .
3 . 3 . 1 . 2  D e p o s i t i o n  T e c h n i q u e
D i k r a n  ( 1 9 8 3 )  r e v i e w e d  t h e  w o rk  o f  many r e s e a r c h e r s  t o  
p r o d u c e  a homogeneous s p e c i m e n  f o r  t e s t i n g  p u r p o s e s .  K o l b u s z e w s k i  and 
J o n e s  ( 1 9 6 1 )  i n v e s t i g a t e d  t h e  t e c h n i q u e  known as  t h e  p l u v i a l  
d e p o s i t i o n  o f  sand  by  r a i n i n g  d r y  sand f r o m  d i f f e r e n t  h e i g h t s  
and i n t e n s i t y  i n  a i r .  The  w ork  by  J a c o b s o n  ( 1 9 7 5 ,  1 9 7 6 )  and 
B a t t a g l i o  e t  a l  ( 1 9 7 9 )  c o n s i s t e d  o f  a sand s i l o  b i g  enough  t o  
f i l l  t h e  s p e c im e n  f o r m e r  i n  a c o n t i n u o u s  o p e r a t i o n  and i m p l i e d  
t h e  r a i n i n g  o f  t h e  sand t o  be  u n i f o r m  d u r i n g  t h e  l a y i n g .  The  
d e n s i t y  o f  t h e  sand  s p e c i m e n  c o u l d  be c o n t r o l l e d  by  c h a n g i n g  
t h e  h e i g h t  o f  f a l l  and t h e  i n t e n s i t y  by a l t e r i n g  t h e  mesh w i d t h  
o f  t h e  s i e v e s  and h o l e  d i a m e t e r  o f  t h e  b o t t o m  p l a t e .  B i e g a n o u s k y  
and M a rcuson  ( 1 976  a , b )  used  t h r e e  t y p e s  o f  r a i n e r  f o r  t h e  
d e p o s i t i o n  o f  t h e  s p e c i m e n  ( a )  a r o t a t i n g  r a i n e r  ( b )  a s i n g l e  
h o s e  r a i n e r  and ( c )  a c i r c u l a r  p e r f o r a t e d  p l a t e  r a i n e r .  T h e y  
o b s e r v e d  t h a t  any  r a i n e r  movem ent  r e s u l t e d  i n  d e n s i t y  v a r i a t i o n .
Once  t h e  s p e c i f i e d  h e i g h t  o f  d r o p  was r e a c h e d ,  t h e  sand was 
a l l o w e d  t o  f a l l  f r e e l y  t o  t h e  s p e c i m e n  s u r f a c e .  D e n s i t i e s  w e r e  
f o u n d  u n i f o r m  and r e p e a t a b l e  w i t h i n  a c c e p t a b l e  l i m i t s .  B i e g a n o u s k y  
and Marc uson  ( 1 9 7 6  b )  r a i n e d  t h e  sand i n  w a t e r  u s i n g  t h e  r o t a t i n g  
r a i n e r .  I t  a p p e a r e d  t o  o f f e r  a mor e  e f f e c t i v e  way o f  p r e p a r i n g  
s a m p l e  w i t h  h i g h e r  d e g r e e  o f  s a t u r a t i o n .  H o w e ve r  t h e y  r e p o r t e d  
t h r e e  d r a w b a c k s  t o  t h i s  t e c h n i q u e  w h i c h  w e r e : -
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i )  The  d e n s i t y  o f  t h e  s p e c i m e n  c o u l d  n o t  be m o n i t o r e d  on a l i f t  
b a s i s .
i i )  I t  was n o t  p o s s i b l e  t o  o b s e r v e  t h e  p r o f i l e  o f  t h e  l i f t  s u r f a c e ,
i i i )  D e n s i f i c a t i o n  o f  t h e  s p e c i m e n  was d i f f i c u l t  t o  c o n t r o l .
F o r  t h e s e  r e a s o n s  t h e y  d e c i d e d  t o  abandon  t h e  t e c h n i q u e  o f  r a i n i n g  
i n t o  w a t e r .
3 . 3 . 2  U n i v e r s i t y  o f  S u r r e y  Chamber
C l a y t o n  and D i k r a n  ( 1 9 8 2 )  and D i k r a n  ( 1 9 8 3 )  h a v e  d e s c r i b e d  
i n  g r e a t  d e t a i l  t h e  d y n a m ic  p e n e t r a t i o n  t e s t s  p e r f o r m e d  on f i n e  
s a t u r a t e d  L e i g h t o n  B u z z a r d  S a n d .  The  t e s t s  w e r e  c a r r i e d  o u t  i n  
t h e  S o i l  M e c h a n i c s  L a b o r a t o r y  o f  t h e  C i v i l  E n g i n e e r i n g  D e p a r t m e n t  o f  t h e
t
U n i v e r s i t y  o f  S u r r e y  w h e r e  a t r i a x i a l  cham ber  w i t h  a l l  o t h e r  
r e q u i r e m e n t s  t o  run t h e  t e s t s  was b u i l t ,  w h i c h  can b e . u s e d  t o  
c o n t r o l  t h e  v e r t i c a l  and h o r i z o n t a l  s t r e s s e s  a t  t h e  s p e c i m e n  
b o u n d a r i e s .  A c r o s s  s e c t i o n  o f  t h e  cham ber  i s  shown i n  F i g .  3 . 1 4 .
A p r e s s u r e  d i a p h r a g m  was f i x e d  i n  t h e  b a s e  o f  t h e  ch am b e r  w h e r e  
t h e  v e r t i c a l  s t r e s s e s  ca n  be  a p p l i e d  t o  t h e  s p e c i m e n .  An a i r  
p r e s s u r e  s y s t e m  was c o n n e c t e d  t o  w a t e r  i n s i d e  t h e  d i a p h r a g m  t o  
a p p l y  a r e q u i r e d  p r e s s u r e  w h i c h  c o m p r e s s e d  t h e  sand  s p e c i m e n  
a g a i n s t  t h e  t o p  p l a t e n .  V e r t i c a l  d i s p l a c e m e n t  o f  t h e  s p e c i m e n  
can be  m e as u re d  by means o f  a d i a l  g a u g e  mounted  on a s t a i n l e s s  
s t e e l  d r a i n a g e  t u b e ,  f i x e d  t o  t h e  c e n t r e  o f  t h e  d i a p h r a g m  and 
e m e r g i n g  f r o m  t h e  b o t t o m  p l a t e  t h r o u g h  a b u s h i n g .
The  l a t e r a l  p r e s s u r e s  on t h e  s p e c i m e n  a r e  a p p l i e d  by  a p p l y i n g  
t h e  p r e s s u r e  on t h e  w a t e r  s u r r o u n d i n g  t h e  1 .2  mm. t h i c k  l a t e x  
r u b b e r  membrane w h e r e  t h e  s p e c i m e n  i s  e n c l o s e d .  Two e l e c t r i c a l  
p r e s s u r e  t r a n s d u c e r s  a r e  f i x e d  t o  t h e  b o t t o m  p l a t e  and t h e  o u t e r  
s t e e l  c y l i n d e r  t o  m e a s u r e  t h e  h o r i z o n t a l  and v e r t i c a l  s t r e s s e s
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a p p l i e d  on t h e  s p e c i m e n ,  t h e s e  p r e s s u r e s  a r e  r e a d  on d i g i t a l  
r e a d o u t  u n i t s .  A 50 mm d i a m e t e r  h o l e  and p l u g  a r e  p r o v i d e d  on 
t h e  t o p  p l a t e n .  A f t e r  c o n s o l i d a t i n g  t h e  s p e c i m e n  t h e  p l u g  i s  
r e m o v e d  t o  a l l o w  t h e  p e n e t r o m e t e r  t o  be  p u t  on t h e  sand s p e c i m e n  
i n s i d e  t h e  c h am b e r ,  and a n o t h e r  p l u g  w i t h  a d i a m e t e r  j u s t  b i g g e r  
t h a n  t h e  p e n e t r o m e t e r  i s  r e p l a c e d  t o  a l l o w  f o r  t h e  d y n a m ic  
p e n e t r a t i o n  t e s t i n g  t o  be  c a r r i e d  o u t .  To  p r e p a r e  a s a t u r a t e d  
sa nd  s p e c i m e n  i n s i d e  t h e  c h a m b e r ,  t h e  r u b b e r  membrane s h o u l d  be  
f i x e d  t i g h t l y  on  t h e  l o w e r  a n g l e  a t  t h e  b o t t o m  o f  t h e  chamber  
u s i n g  a j u b i l e e  c l i p  t o  p r e v e n t  a n y  l e a k a g e  f r o m  t h e  c e l l  w a t e r  
t o  t h e  s am p le  o r  t h e  w a t e r  f r o m  t h e  s a m p l e  d u r i n g  t h e  a p p l i c a t i o n
o f  s u c t i o n  on t h e  s p e c i m e n .  A f o r m e r  w i t h  t h e  r u b b e r  membrane
i n s i d e  i s  p u t  i n  p o s i t i o n  and f i l l e d  w i t h  w a t e r  t o  s t a r t  d e p o s i t ­
i n g  t h e  sand u n d e r  w a t e r .  T h i s  f o r m e r  i s  made o f  two  h a l v e s  o f  a 
c y l i n d e r  t o  make i t s  r e m o v a l  p o s s i b l e  o n c e  t h e  s p e c i m e n  has b e e n  
p r e p a r e d .  The r u b b e r  membrane  i s  f i x e d  on t h e  t o p  p l a t e n  w i t h  
j u b i l e e  c l i p s  and t h e  s u c t i o n  i s  a p p l i e d  on t h e  sa m p l e  t o  s t o p  
i t  f r o m  c o l l a p s i n g .  To  p r e p a r e  a s a t u r a t e d  u n i f o r m  s p e c i m e n  
a p e r f o r a t e d  pan ( s i e v e )  w i t h  a d i a m e t e r  e q u a l  t o  t h e  d i a m e t e r  
o f  t h e  s am p le  i s  l o w e r e d  i n s i d e  t h e  r u b b e r  membrane u n d e r  w a t e r
t o  t h e  b o t t o m  p l a t e .  The  b o t t o m  p l a t e  i s  c o v e r e d  by  a t h i n  r u b b e r  membrane
h a v i n g  a f a b r i c  f i l t e r  i n  t h e  c e n t r e  t o  a l l o w  f o r  t h e  d r a i n a g e  
o f  t h e  s a m p le  d u r i n g  t e s t i n g .  Sand i s  t h e n  l o w e r e d  o n t o  t h e  
s i e v e  u s i n g  a hand w a t e r  t i g h t  s c o o p .  A f t e r  f i l l i n g  t h e  s i e v e  
w i t h  sand i t  i s  r a i s e d  v e r y  s l o w l y  a d i s t a n c e  e q u a l  t o  t h a t  o f  t h e  
s i e v e  h e i g h t  ( 1 5 0  mm). T h i s  p r o c e d u r e  i s  r e p e a t e d  w i t h  o r  w i t h ­
o u t  v i b r a t i n g  t h e  s a m p l e  t o  g e t  t h e  r e q u i r e d  d e n s i t y ,  u n t i l  t h e  
r e q u i r e d  h e i g h t  o f  t h e  s a m p l e  i s  r e a c h e d .  Upon c o m p l e t i o n  o f  
t h e  s p e c i m e n  and a f t e r  r e m o v i n g  t h e  f o r m e r ,  t h e  o u t e r  c y l i n d e r
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i s  f i x e d  i n  p o s i t i o n ,  made w a t e r t i g h t ,  and f i l l e d  w i t h  w a t e r  t o  
s u r r o u n d  t h e  r u b b e r  membrane a r o u n d  t h e  s p e c i m e n .  The t o p  c o v e r  
i s  f i x e d  t o  t h e  o u t e r  c y l i n d e r  and s e a l e d  a g a i n s t  t h e  t o p  p l a t e n .  
V e r t i c a l  and h o r i z o n t a l  p r e s s u r e s  a r e  a p p l i e d  g r a d u a l l y  t o  t h e  
s p e c i m e n  t o  any  s t r e s s  p a t h  r e q u i r e d  by  t h e  t e s t .  R e a d i n g s  a r e  
made d u r i n g  s t r e s s i n g  t h e  s p e c i m e n  o f  t h e  v o lu m e  c h a n ge  by means 
o f  a b u r e t t e  and v e r t i c a l  d i s p l a c e m e n t  u s i n g  t h e  d i a l  g a u g e  a t  
t h e  b o t t o m .  T h e s e  r e a d i n g s  a r e  t a k e n  d u r i n g  c o n s o l i d a t i o n  w i t h  
t i m e .  ' When t h e  r e q u i r e d  s t r e s s  l e v e l  i s  r e a c h e d  d y n a m ic  p e n e t r a ­
t i o n  t e s t i n g  can  be  c a r r i e d  o u t .  Th e  20 mm d i a m e t e r  p e n e t r o m e t e r  
w h i c h  was  used  by  D i k r a n  ( 1 9 8 3 )  w i t h  a l l  t h e  a t t a c h m e n t s  a r e  
e x p l a i n e d  i n  d e t a i l  i n  C h a p t e r  2 ( 2 . 1 . 4 ) .  The  t r a n s d u c e r  i n ­
s i d e  t h e  p e n e t r o m e t e r  was l i n k e d  t h r o u g h  a IE EE-488  c o m p a t i b l e  
s t r a i n  g a u g e  a m p l i f i e r  t o  a s t o r a g e  o s c i l l o s c o p e ,  a c h a r t  r e c o r d e r ,  
and a m i c r o c o m p u t e r  t o  a l l o w  t h e  a c q u i s i t i o n  o f  t h e  s l o w  and f a s t  
t r a n s i e n t  p r e s s u r e .  T he  p o r e  w a t e r  p r e s s u r e  g e n e r a t e d  d u r i n g  
d y n a m ic  p e n e t r a t i o n  was t a k e n  f r o m  p h o t o g r a p h s  t a k e n  o f  t h e  
o s c i l l o s c o p e  s c r e e n  d u r i n g  e a c h  b l o w  i n  t h e  t e s t i n g .
78
COMPRESSIB IL ITY  OF GRANULAR SOIL
4 . 0  INTRODUCTION
T he d e t e r m i n a t i o n  o f  t h e  d e f o r m a t i o n  r e s p o n s e  o f  s an d  u n d e r  
a p p l i e d  l o a d i n g  i s  a common p r o b l e m  f a c i n g  S o i l s  E n g i n e e r s .  O f  
t h e  many f a c t o r s  t h a t  i n f l u e n c e  g r a n u l a r  m a t e r i a l ' s  s t r e s s -  
d e f o r m a t i o n  b e h a v i o u r ,  p r e s e n t  s t r e s s e s  and p a s t  . l o a d i n g  h i s t o r y  
a r e  t h e  m o s t  s i g n i f i c a n t  i n  t e r m s  o f  t h e  p o t e n t i a l  f o r  a l t e r i n g  
p e r f o r m a n c e .  The  i n f l u e n c e  o f  v a r i o u s  p h y s i c a l  c h a r a c t e r i s t i c s  
o f  s an d on i t s  c o m p r e s s i b i l i t y  has  b e e n  i n v e s t i g a t e d  by  many 
r e s e a r c h e r s  who h a v e  shown t h a t :
A t  t h e  same d e n s i t y  a w e l l - g r a d e d  sand  i s  m o r e  c o m p r e s s i b l e  than  
a u n i f o r m l y  g r a d e d  o n e .  C o m p r e s s i b i l i t y  d e c r e a s e s  s l i g h t l y  w i t h  
i n c r e a s i n g  g r a i n  s i z e .
As p a r t i c l e  a n g u l a r i t y  i n c r e a s e s  c o m p r e s s i b i l i t y  a l s o  i n c r e a s e s  
b o t h  d u r i n g  i n i t i a l  l o a d i n g  and d u r i n g  r e l o a d i n g .
A san d o f  r o u g h  p a r t i c l e s  i s  l e s s  c o m p r e s s i b l e  t h a n  o n e  w i t h  
sm oo th  p a r t i c l e s .  A l s o  t h e  d e f o r m a t i o n  r e s p o n s e  o f  sand  i s  d i r e c t l y  
r e l a t e d  t o  t h e  p a r e n t  m a t e r i a l ' s  c o m p r e s s i b i l i t y .  E x t r e m e  d i f f e r e n c e  
i n  c e r t a i n  o f  t h e s e  p h y s i c a l  p r o p e r t i e s  b e t w e e n  tw o  s a nd s  may y i e l d  
a f o u r f o l d  d i f f e r e n c e  i n  c o m p r e s s i b i l i t y .  W h i l e  t h e  i n f l u e n c e  o f  
e a c h  p h y s i c a l  f a c t o r  on l o a d  d e f o r m a t i o n  b e h a v i o u r  has  b e e n  f o u n d ,  
t h e  i n - s i t u  f a b r i c  o f  s and  i s  n o t  q u i t e  a s s e s s i b l e .  M o r e v e r  t h e  
b e d d i n g  and o b l i q u i t i e s  b e t w e e n  b e d d i n g  and l o a d i n g  p l a n e s  a l s o  
i n f l u e n c e  t h e  c o m p r e s s i b i l i t y  o f  g r a n u l a r  m a t e r i a l s .  D e n s i t y  has 
l o n g  b e e n  u sed  a s  an a v e r a g i n g  p a r a m e t e r  f r o m  w h i c h  t h e  b e h a v i o u r  
o f  s and  u n d e r  a p p l i e d  l o a d i n g  has b e e n  i n f e r r e d .  T he  c o m p r e s s i b i l i t y
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o f  c o h e s i o n l e s s  s o i l  has  b een  shown t o  i n c r e a s e  w i t h  d e c r e a s i n g  
d e n s i t y  f o r  a l l  m e th o d s  o f  s t r e s s  a p p l i c t i o n  t h a t  h a v e  b e e n  
e x a m i n e d .
B e t w e e n  r e a d i l y  o b t a i n a b l e  l i m i t i n g  p o r o s i t i e s  a s a n d ' s  
c o m p r e s s i b i l i t y  may v a r y  by  a f a c t o r  a s  g r e a t  as  f i v e .  A l t h o u g h  
d e n s i t y  may s i g n i f i c a n t l y  i n f l u e n c e  t h e  i n i t i a l  c o m p r e s s i b i l i t y  
o f  a g r a n u l a r  s o i l  i t s  i m p o r t a n c e  i s  o v e r s h a d o w e d  by  p r e v i o u s  
l o a d i n g  h i s t o r y .  The  d i f f e r e n t i a t i o n  b e t w e e n  i n i t i a l  l o a d i n g  
and r e l o a d i n g  c o m p r e s s i b i l i t y  i s  l i n k e d  t o  t h e  r e l a t i v e  m a g n i t u d e  
o f  t h e  e l a s t i c  and p l a s t i c  d e f o r m a t i o n s  w h i c h  o c c u r .  L a d e  and 
Duncan ( 1 9 7 5 )  h a v e  p r o p o s e d  an e l a s t o p l a s t i c  t h e o r y  f o r  m o d e l l i n g  
t h e  s t r e s s - s t r a i n  b e h a v i o u r  o f  s and  t h a t  a t t e m p t s  t o  a c c o u n t  f o r  
t h e  e f f e c t s  o f  s t r e s s i n g  r e s u l t i n g  f r o m  c h a n g e s  i n  a n y  o f  t h e  
t h r e e  p r i n c i p a l  s t r e s s e s .  Due t o  t h e  i n h e r e n t l y  i n e l a s t i c  
b e h a v i o u r  o f  s o i l ,  w h i c h  r e s u l t s  m a i n l y  f r o m  s l i d i n g  b e t w e e n  
s o i l  g r a i n s ,  t h e  i n f l u e n c e  o f  s t r e s s  h i s t o r y  on t h e  c o m p r e s s i ­
b i l i t y  o f  g r a n u l a r  s o i l  c an  be  q u i t e  s i g n i f i c a n t .  As  t h e  s t r e s s -  
s t r a i n  c u r v e s  f o r  v i r g i n  l o a d i n g  become  i n c r e a s i n g l y  d i f f e r e n t  
f r o m  t h o s e  o f  u n l o a d i n g  o r  r e l o a d i n g  a t  h i g h  s t r e s s  l e v e l s ,  t h e  
d e f o r m a t i o n  o f  sand becomes  i n c r e a s i n g l y  s t r e s s - p a t h  d e p e n d e n t  
a t  h i g h  s t r e s s  l e v e l s .  T h e r e f o r e  t h e  s t r a i n s  i n  s o i l  due  t o  a 
g i v e n  i n c r e m e n t  o f  s t r e s s  r a t i o ,  a r e  i n f l u e n c e d  by  c o n f i n i n g  
p r e s s u r e  and w h e t h e r  t h e  c h a n g e s  i n  s t r e s s  i n v o l v e  i n i t i a l  l o a d ­
i n g  o r  r e l o a d i n g .
4 .1  DEFORMATION MODULI AND THEIR APPL IC AT IO N  IN SOIL  ENGINEERING
D e f o r m a t i o n  m o d u l i  a r e  numbers  w h i c h  d e s c r i b e  t h e  s t r e s s  
s t r a i n  r e l a t i o n s h i p  o f  a m a t e r i a l  b a s e d  on  a l i n e a r  e l a s t i c  
m a t e r i a l  m o d e l .  S t r e s s e s  a r e  r e l a t e d  t o  s t r a i n s  i n  e l a s t i c  t h e o r y
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by two p a r a m e t e r s :  Y o u n g ' s  M o d u l u s ,  E and P o i s s o n ' s  R a t i o  v .
F o r  an i s o t r o p i c  m a t e r i a l  o n l y  two  m o d u l i  n eed  t o  be  
known t o  d e f i n e  a m a t e r i a l s  r e s p o n s e  t o  a n y  a p p l i e d  s t r e s s  
s t r e s s ,  o r  s t r a i n s .  I n  r e a l i t y  s o i l s  a r e  n o t  i s o t r o p i c  
m a t e r i a l s .  I t  has  b e e n  shown f o r  c r o s s - a n i s o t r o p i c  m a t e r i a l s  
t h a t  f i v e  p a r a m e t e r s  d e s c r i b e s  a m a t e r i a l  r e s p o n s e  t o
a ny  a p p l i e d  s t r e s s e s  o r  s t r a i n s  (Ch o w d hu ry  1 97 4 )  n a m e ly  Ev , E ^ ,
V y , v H and Gv w h e r e  s u b s c r i p t s  " V "  and " H "  d e n o t e s  t h e  v e r t i c a l  
and h o r i z o n t a l  d i r e c t i o n  r e s p e c t i v e l y  and G i s  s h e a r  m o d u l u s .
T h e s e  p a r a m e t e r s  can  be  d e t e r m i n e d  f r o m  t r i a x i a l  t e s t s .
The  u se  o f  m o d u l i  s y m b o l s  w i t h o u t  s u b s c r i p t s  i m p l i e s  t h a t  t h e  
s o i l  i s  c o n s i d e r e d  as  a l i n e a r  e l a s t i c  i s o t r o p i c  m a t e r i a l .
The  g e n e r a l  e q u a t i o n s  r e l a t i n g  s t r e s s  t o  s t r a i n  a r e  o f  t h e
f o r m .
ex  = 1  ( a x -  v  ( a y  + crz ) )    ( e q .  4 . 1 )
E
e „  = 1  ( ay  ‘  v  (® x  +  a z ' »    ( eci- 4 - 2 )y E
e z = 1  (<JZ -  v  ( a x  +  cry ) )   ( e q .  4 . 3 )
E
w h e r e  a x , a and o z a r e  che  p r i n c i p a l  s t r e s s e s  i n  d i r e c t i o n  x ,  y  
arid z .
w h i l e  ex , s  and a r e  t h e  p r i n c i p a l  s t r a i n s  i n  d i r e c t i o n s  x ,  y  
and z .
I t  can be  s e e n  t h a t  e q u a t i o n s  4 . 1 - 4 . 3  r e l a t e  s t r e s s  t o  s t r a i n  
u s i n g  Y o u n g ' s  Modu lus  and P o i s s o n ' s  R a t i o  o n l y .  T h i s  i s  t e r m e d  
t h e  E,  v  m o d e l .
An a l t e r n a t i v e  m o d e l ,  l e s s  f r e q u e n t l y  u sed  i s  t h e  K ,  G s o i l  
m o d e l .  The  g e n e r a l  e q u a t i o n  r e l a t i n g  t h e  v o l u m e t r i c  s t r a i n  t o
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stre ss  in th is  model is  o f  the form.
-  ( o x +  ay  + a z ) / 3 (e q .  4 .4 )
w h e r e  K i s  t h e  b u l k  m odu lus  and e v  i s  v o l u m e t r i c  s t r a i n .
K = E ( e q .  4 . 5 )
3 (1 - 2v)
G " 2 (1 + v)
( e q .  4 . 6 )
( e q .  4 . 7 )
( e q .  4 . 8 )
( e q .  4 . 9 )
w h e r e  y x y , y y z  and y x z  a r e  t h e  s h e a r  s t r a i n s  t Xy ,  xy z  and 
t X2 a r e  t h e  s h e a r  s t r e s s e s .
I n  c a l c u l a t i n g  s t r e s s  d i s t r i b u t i o n s  w i t h i n  s o i l  m a s s ,  l i n e a r  
e l a s t i c  c o n d i t i o n s  a r e  a s su m e d .  When t h e  s o i l  i s  n e a r  f a i l u r e ,  
c o n d i t i o n s  a r e  p l a s t i c  and n o n - l i n e a r  b u t  i f  t h e  f a c t o r  o f  s a f e t y  
a g a i n s t  s h e a r  f a i l u r e  i s  g r e a t e r  t h a n  2 t h e n  c a l c u l a t i o n  b a s e d  
on l i n e a r  e l a s t i c  t h e o r y  g i v e  s u f f e c i e n t l y  a c c u r a t e  r e s u l t s  f o r  
m o s t  p r a c t i c a l  p u r p o s e s .
E l a s t i c  s o l u t i o n s  a r e  n o t  a p p l i c a b l e  t o  p r o b l e m s  w h e r e  h i g h  
s h e a r  s t r e s s e s  may be  d e v e l o p e d ,  such as  s l o p e  s t a b i l i t y ,  r e t a i n i n g  
w a l l  and some f o u n d a t i o n  p r o b l e m s  w h e r e  t h e  s h e a r  s t r e n g t h  i s  
c o m p l e t e l y  u t i l i z e d .
B e f o r e  c a l c u l a t i n g  d e f o r m a t i o n  o f  t h e  s o i l ,  v a l u e s  o f  Y o u n g 1s 
Modu lus  and P o i s s o n ' s  R a t i o  n e e d  t o  be  a s c e r t a i n e d .  S i n c e  t h e  
s o i l  i s  n o t  i n  r e a l i t y  an e l a s t i c  med ium,  t h e s e  p a r a m e t e r s  c a n n o t  
be  d i r e c t l y  m e a s u r e d  and same j u d g e m e n t  i s  r e q u i r e d  i n  d e c i d i n g  
w h a t  v a l u e s  t o  c h o o s e .  T h e  m o s t  a p p r o p r i a t e  v a l u e  o f  E f o r  a
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f o u n d a t i o n  p r o b l e m  i s  u s u a l l y  t h a t  b a s e d  on t h e  c o e f f e c i e n t  o f  
c o m p r e s s i b i l i t y  mv .
L  . - 1 !  v), e,   ( 4-10)
mv  (1 +  v )  (1 -  2v )  V '
T h e  v a l u e  o f  my u se d  s h o u l d  be  a p p r o p r i a t e  t o  t h e  s t r e s s  
r a n g e  i n  t h e  s o i l  mass b e i n g  c o n s i d e r e d .  T h e  v a l u e  o f  E o b t a i n e d  
i n  t h i s  way  r e p r e s e n t s  t h e  s t r e s s - s t r a i n  r e l a t i o n s h i p  f o r  a s i n g l e  
a p p l i c a t i o n  o f  l o a d  and i s  n o t  s t r i c t l y  an e l a s t i c  p r o p e r t y  b e c a u s e  
d i s p l a c e m e n t s  c o n t a i n  b o t h  t i m e  d e p e n d a n t  and  i r r e v e r s i b l e -  p o r t i o n s . 
H o w e v e r  t h e  v a l u e  o f  E b a s e d  on mv i n  t h i s  w ay  w i l l  g i v e  p r e d i c t i o n s  
o f  t h e  t o t a l  l o n g - t e r m  d i s p l a c e m e n t s ,  s o  f a r  as  p o s s i b l e  w i t h  a 
m e th o d  w h i c h  i s  n o t  t r u l y  a p p r o p r i a t e  t o  t h e  r e a l  m a t e r i a l  p r o p e r t i e s
An i m p o r t a n t  c o n s i d e r a t i o n  f o r  u s i n g  K.G m o d e l s  i s  t h a t  t h e  
d e f i n i t i o n s o f  s o i l  b e h a v i o u r  a r e  a s s o c i a t e d  w i t h  s e p a r a t e  p h y s i c a l  
c o m p o n e n t s  w h i c h  can  be  d e t e r m i n e d  i n d e p e n d e n t l y  o f  e a c h  o t h e r .
T h e  s h e a r  m od u lu s  and t h e  b u l k  m odu lu s  a r e  d e p e n d e n t  upon t h e  
a p p l i e d  d e v i a t o r  s t r e s s  and a p p l i e d  i s o t r o p i c  e f f e c t i v e  s t r e s s .
T h e y  can  be  d e t e r m i n e d  by  u s i n g  two l a b o r a t o r y  t e s t s ;  a normal  
d r a i n e d  o r  u n d r a i n e d  t r i a x i a l  t e s t  and an i s o t r o p i c  c o n s o l i d a t i o n  
t e s t s .  I t  has be en  shown t h a t  K ,G ,E  and v  a r e  n o t  c o n s t a n t  f o r  
s o i l s ,  b u t  a r e  m ore  r e a d i l y  r e l a t e d  t o  t h e  i n - s i t u  s t a t e  o f  s t r e s s .
4 . 1 . 1  A d v a n c e d  M e tho d s  o f  A n a l y s i s
A v a r i e t y  o f  n u m e r i c a l  m e th o d s  e x i s t  w h i c h  a l l o w  s t r e s s e s  
and d i s p l a c e m e n t s  t o  be c om p u te d  a t  a l a r g e  number  o f  p o i n t s  
and c a n  i n c o r p o r a t e  c o m p l e x  l o a d i n g s  and g r o u n d  c o n d i t i o n s  i n t o  
t h e  c a l c u l a t i o n s .  S o l u t i o n s  a r e  u s u a l l y  b a s e d  on f i n i t e  d i f f e r e n c e ,  
f i n i t e  e l e m e n t  o r  b o u n d a r y  e l e m e n t  m e t h o d s ,  u s i n g  c o m p u t e r s ,  and
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c o m p u t e r  pr ogrammes  a r e  c o m m e r c i a l l y  a v a i l a b l e .  I t  s h o u l d  be 
r em e m b e r e d  t h a t  t h e  a s s u m p t i o n s  o f  m a t e r i a l  p r o p e r t i e s  and t h e  
i n t e r a c t i o n s  b e t w e e n  s o i l  and s t r u c t u r e s  a r e  c r u d e  a p p r o x i m a t i o n s  
w h i c h  h a v e  n o t  b e e n  c h e c k e d  a g a i n s t  r e a l  c a s e s  and t h a t  many o f  
t h e  p r o p e r t i e s  r e q u i r e d  i n  t h e  a n a l y s e s  c a n n o t  be m ore  th an  
g u e s s e d .  Thus s o p h i s t i c a t e d  t e c h n i q u e s  may be  l i t t l e  o r  no 
i m p r o v e m e n t  on s i m p l e  hand c a l c u l a t i o n s .
4 . 1 . 2  S t a n d a r d  S o l u t i o n s  i n  D e s i g n  P r a c t i c e
T h e r e  a r e  many s t a n d a r d  s o l u t i o n s  i n  t h e  p r e d i c t i o n  o f  
s e t t l e m e n t  u s i n g  e l a s t i c  c o n s t a n t s  i n  d e s i g n  p r a c t i c e .  T y p i c a l l y  
t a b l e s  and g r a p h s  a l l o w  s t r e s s e s  and d i s p l a c e m e n t s  w i t h i n  a *  
m a t e r i a l  t o  be  c a l c u l a t e d  f o r  a number  o f  s i m p l e  c a s e s .  I n  many 
c a s e s  p r o b l e m s  must  be  s o l v e d  by  c o m b i n i n g  two o r  more  s t a n d a r d  
s o l u t i o n s  and u s i n g  t h e  p r i n c i p a l  o f  s u p e r p o s i t i o n .  F o r  e x a m p l e  t h e  
B o u s s i n e s q  s o l u t i o n  f o r  s t r e s s e s  and d i s p l a c e m e n t s  p r o d u c e d  by 
a v e r t i c a l  p o i n t  l o a d  on t h e  s u r f a c e  o f  a s e m i "  i n f i n i t e  homogeneous 
m a t e r i a l  r e l a t i n g  t h e  v e r t i c a l  and r a d i a l  d i s p l a c e m e n t s  t o  E 
and v  u n d e r  any  a p p l i e d  p o i n t  l o a d  P a t  a d e p t h  Z and a h o r i z o n t a l  
d i s t a n c e  r  as  f o l l o w s
= P (1 + v)
2tfE (z2 + r2)2
1 - 2v
( z 2 +  r 2 ) ( z 2 +  r 2) 2 +  z
. . . .  (eq. 4.11)
P.r (1 + v)
9 2,i
2ttE ( z  +  r  ) 2
1 - 2v
(z2 + r2J^  (z^  + r2)a + z
w h e r e  P z  and P r  a r e  v e r t i c a l  and r a d i a l  d i s p l a c e m e n t .
. .  ( e q .  4 . 1 2 )
J u r g e n s o n  ( 1 9 3 4 )  o b t a i n e d  a s o l u t i o n  f o r  t h e  s t r e s s  d i s t r i b u ­
t i o n  and  d i s p l a c e m e n t  c a u s e d  b y  u n i f o r m  l o a d i n g  o f  a s u r f a c e  s t r i p  
on a s e m i - i n f i n i t e  m a t e r i a l  and p r o d u c e d  t a b l e s  f o r  t h e  r a t i o  o f
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s t r e s s  t o  t h e  a p p l i e d  l o a d  a t  d i f f e r e n t  d e p t h s  and d i f f e r e n t  
d i s t a n c e s  f r o m  t h e  c e n t r e  o f  t h e  l o a d .  He i n t r o d u c e d  e q u a t i o n s  
r e l a t i n g  v e r t i c a l  d i s p l a c e m e n t  t o  E and v  a l s o .  G i r o u d  ( 1 9 6 8 )  
s o l v e d  f o r  t h e  s t r e s s e s  and d i s p l a c e m e n t s  b e n e a t h  r e c t a n g u l a r  
l o a d e d  a r e a .  He p r o d u c e d  a t a b l e  f o r  t h e  i n f l u e n c e  f a c t o r s  f o r  
normal  s t r e s s  u n d e r  t h e  c o r n e r  o f  a r e c t a n g u l a r  l o a d  a r e a  a t  
d i f f e r e n t  d e p t h s  t o  l e n g t h  and w i d t h s  t o  l e n g t h  r a t i o  and a n o t h e r  
t a b l e  f o r  i n f l u e n c e  f a c t o r s  f o r  v e r t i c a l  d i s p l a c e m e n t s  b e n e a t h  
a r e c t a n g u l a r  l o a d e d  a r e a .
n _  (1 -  v Z ) P b l    ( e q .  4 . 1 3 )
z  '  E
w h e r e  P 2 i s  v e r t i c a l  d i s p l a c e m e n t ,  P ,  l o a d  p e r  u n i t  a r e a ,  b w i d t h  
o f  t h e  r e c t a n g u l a r  a r e a  and I  i s  t h e  i n f l u e n c e  f a c t o r  f r o m  t h e  
t a b l e s ,  f o r  d i f f e r e n t  r a t i o s  o f  t h e  r e c t a n g l e ,  u n d e r  t h e  c o r n e a r  
and t h e  m i d d l e  d i s t a n c e  o f  t h e  s i d e s .  N e w m a r k ' s  c h a r t s  ( 1 9 4 2 )  
w e r e  d e v e l o p e d  t o  a l l o w  s t r e s s e s  and d i s p l a c e m e n t s  c a u s e d  by  a 
l o a d e d  a r e a  o f  any  s h a p e  t o  be  c a l c u l a t e d  a t  any  p o i n t .  A l a r g e  
number  o f  c h a r t s  w e r e  d e v e l o p e d  by  Newmark and h a ve  b een  a d d e d  
t o  by  o t h e r s .  C h a r t s  r e l a t i n g  t o  v e r t i c a l  normal  s t r e s s ,  v e r t i c a l  
and h o r i z o n t a l  s h e a r  s t r e s s e s  and v e r t i c a l  d i s p l a c e m e n t s  can  be  
f o u n d  i n  a n y  t e x t  b o o k  on s o i l  m e c h a n i c s  and f o u n d a t i o n  e n g i n e e r ­
i n g .  The  t e c h n i q u e  f o r  u s i n g  t h e  c h a r t s  w i t h  t h e  r e q u i r e d  e q u a ­
t i o n s  f o r  t h e  c a l c u l a t i o n  o f  t h e  s t r e s s e s  and t h e  d i s p l a c e m e n t s  
c a n  b e  f o u n d  i n  m o s t  t e x t  bo o ks  a l s o .  The  t h e o r y  o f  e l a s t i c i t y  
and t h e  c o n v e n t i o n a l  s o l u t i o n s  w h i c h  a r e  i n v o l v e d  i n  c e r t a i n  s o i l  
m e c h a n i c s  p r o b l e m s ,  such  as  t h o s e  i n v o l v i n g  s t r e s s  d i s t r i b u t i o n  
and d e f l e c t i o n  i n  a s e m i - i n f i n i t e  mass  a r e  s u b j e c t e d  t o  b o u n d a r y  
e f f e c t .  T h e  s t r e s s - s t r a i n  b e h a v i o u r  o f  any  t y p e  o f  s o i l  d e p e n d s  
on  a number  o f  d i f f e r e n t  f a c t o r s  i n c l u d i n g  t y p e  o f  s a n d ,  d e n s i t y ,  
e t c .  and as  t h e  s t r e s s - s t r a i n  r e l a t i o n s h i p  i s  n o n l i n e a r  and
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d e p e n d s  on many f a c t o r s ,  E ,  and v  a r e  n o t  c o n s t a n t  f o r  t h e  s o i l  
b u t  d e p e n d  v e r y  much on t h e s e  f a c t o r s .  I n  many c a s e s  i t  may be  
p o s s i b l e  t o  t a k e  a c c o u n t  o f  t h e s e  f a c t o r s  by  s e l e c t i n g  c e r t a i n  
t e s t i n g  c o n d i t i o n s  w h i c h  s i m u l a t e  t h e  c o r r e s p o n d i n g  f i e l d  c o n d i t i o n s .  
I n  t h e  f o l l o w i n g  s e c t i o n s  o f  t h i s  c h a p t e r s ,  t h o s e  f a c t o r s  w i l l  
b e  e x p l a i n e d .
4 . 2  FACTORS AFFECTING THE C O MPR ESSIB IL ITY  OF GRANULAR SOIL
Some o f  t h e  f a c t o r s  w h i c h  can  i n f l u e n c e  t h e  d e f o r m a t i o n  
o f  a g r a n u l a r  s o i l  a r e  c o n s i d e r e d  u n d e r  tw o  h e a d i n g s :
( i )  S t r e s s - d e p e n d e n t  f a c t o r s  w h i c h  a r e  due  t o  t h e  s t r e s s e s  
e x i s t i n g  i n ,  a n d ,  o r  im p o s e d  on t h e  m a t e r i a l .
( i i )  M a t e r i a l - d e p e n d e n t  f a c t o r s  w h i c h  come as  a r e s u l t  o f  t h e  
c o n d i t i o n s  o f  t h e  m a t e r i a l ,  i t s  s h a p e  and s i z e ,  i t s  i n t e r n a l  
c o m p o s i t i o n  as  w e l l  as  i t s  s t a t e  o f  p a c k i n g .  ( D a r a m o l a ,  19 78 )
T h e s e  f a c t o r s  a r e  o u t l i n e d  and b r i e f l y  d i s c u s s e d ,  and i t  
i s  n o t e d  t h a t  t h e i r  c o m b in e d  e f f e c t  w i l l  b e  such  as  t o  make d e f o r m a ­
t i o n  p r e d i c t i o n  r a t h e r  d i f f i c u l t .
4 . 2 . 1  S t r e s s - D e p e n d e n t  F a c t o r s
4 . 2 . 1 . 1  L a t e r a l  P r e s s u r e
I t  has  b e e n  o b s e r v e d  by  many i n v e s t i g a t o r s  t h a t  t h e  Y o u n g ' s  
M odu lu s  o f  s o i l  i n c r e a s e s  as  t h e  c o n f i n i n q  p r e s s u r e  o r  l a t e r a l  
p r e s s u r e  i n c r e a s e s  ( C h e n ,  1 94 8 ,  L a d d ,  1 9 6 4 ;  M a k h l o u f  and S t e w a r t ,  
1 9 6 5 ;  Wu, 1 9 6 6 ;  V e s i c  and  C l o u g h ,  1 9 6 8 ;  B r e t h  e t  a l , 1 9 7 3 ) .  Chen 
( 1 9 4 8 )  n o t e d  t h a t  t h e  g r a d i e n t s  o f  t h e  a x i a l  s t r a i n s  v e r s u s  l o g .  
d e v i a t o r  s t r e s s  c u r v e s  w e r e  n o t  c o n s t a n t  f o r  t h e  d i f f e r e n t  l a t e r a l
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p r e s s u r e s  a p p l i e d . W u  ( 1 9 6 6 )  a n a l y s e d  t h e s e  r e s u l t s  b y  c o m p u t i n g  
t h e  s e c a n t  Y o u n g ' s  Modulus  a t  1 . 0  p e r  c e n t  a x i a l  s t r a i n  and 
p l o t t i n g  t h e  r e s u l t s  a g a i n s t  t h e i r  r e s p e c t i v e  l a t e r a l  p r e s s u r e s .  
T h e s e  r e s u l t s  a r e  p r e s e n t e d  i n  F i g .  4 .1  w h e r e  i t  may be  s e e n  t h a t  
an a l m o s t  l i n e a r  i n c r e a s e  o f  Y o u n g ' s  M o du lu s  i s  a s s o c i a t e d  w i t h  
an i n c r e a s e  i n  t h e  c o n f i n i n g  p r e s s u r e .
F o r  t h e  r e s u l t s  p r e s e n t e d  i n  F i g .  4 . 1  t h e  v a l u e  o f  E f o r  a ny
l a t e r a l  p r e s s u r e  can b e  e x p r e s s e d  m a t h e m a t i c a l l y  a s :
E = 2 . 5  + 0 . 4  . . . . . . ( e q .  4 . 1 4 )
w h e r e  E i s  i n  MN/m2 and ( l a t e r a l  p r e s s u r e )  i s  i n  kN/m2 .
A s e r i e s  o f  t r i a x i a l  t e s t s  u s i n g  h i g h  l a t e r a l  p r e s s u r e  on sand
s a m p l e s  w e r e  c a r r i e d  o u t  by  V e s i c  and C l o u g h  ( 1 9 6 8 ) ,  w h os e  f i n d i n g s
s u p p o r t  t h o s e  o f  Chen ( 1 9 4 8 ) .  Th e  t e s t  s p e c i m e n s  w e r e  t e s t e d
2
a t  s e v e r a l  l a t e r a l  p r e s s u r e s  up t o  63 MN/m ; t y p i c a l  s t r e s s - s t r a i n
c u r v e s  a r e  p r e s e n t e d  i n  F i g .  4 . 2 .  T h e  i n c r e a s e  i n  Y o u n g ' s  M odu lu s
was l i n e a r  w i t h  t h e  i n c r e a s e  i n  t h e  l a t e r a l  p r e s s u r e  i n  t h e  h i g h
2
p r e s s u r e  r a n g e  o f  1 0 - 6 0  MN/m w h i c h  c a n  be  e x p r e s s e d  m a t h m a t i c a l l y  
a s :
E = 1 7 . 7  o h   ( e q .  4 . 1 5 )
p
F o r  t h e  l o w  p r e s s u r e  r a n g e  up t o  500 kN/m t h e  r e l a t i o n  b e t w e e n  
Y o u n g ' s  M odu lu s  and l a t e r a l  p r e s s u r e  was  l e s s  l i n e a r .  T h ey  
e x p l a i n e d  t h i s  a n o m a ly  by  s u g g e s t i n g  t h a t  a b o v e  a c e r t a i n  
" b r e a k d o w n  p r e s s u r e "  p a r t i c l e  c r u s h i n g  i s  s o  i n t e n s e  t h a t  t h e  
e f f e c t  i s  t o  i n h i b i t  t h e  d i l a t e n c y  w h i c h  p r o d u c e s  t h e  l o w  r a n g e  
o f  n o n - l i n e a r i t y .
B i l l  urn ( 1 9 7 1 )  d e s c r i b e d  g r a i n  s t r e n g t h  as  a u s e f u l  s c a l e  
f a c t o r  f o r  t h e  c o m p a r i s o n  o f  t h e  b e h a v i o u r  o f  d i f f e r e n t  g r a n u l a r  
m a t e r i a l s  s h e a r e d  a t  h i g h  p r e s s u r e s .  He c o n c l u d e d  t h a t  due  t o
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t h e  c r u s h i n g  o f  t h e  p a r t i c l e s  o f  g r a n u l a r  m a t e r i a l ,  t h e  p r i n c i p a l
e f f e c t i v e  s t r e s s  r a t i o  a t  f a i l u r e  d e c r e a s e  w i t h  i n c r e a s i n g  l a t e r a l
p r e s s u r e ,  l a r g e  v o lu m e  r e d u c t i o n s  o c c u r  d u r i n g  s h e a r ,  and t h e
a x i a l  s t r a i n  r e q u i r e d  t o  r e a c h  f a i l u r e  i n c r e a s e s .  M a k h l o u f  and
S t e w a r t  ( 1 9 6 5 )  p e r f o r m e d  d i f f e r e n t  t r i a x i a l  t e s t s  on a i r - d r y
O t t a w a  s a n d ,  h a v i n g  a u n i f o r m i t y  c o e f f i c i e n t  o f  1 . 3  t e s t e d  i n
t wo  s t a t e s  o f  d e n s i t y  c o r r e s p o n d i n g  t o  z e r o  p e r  c e n t  and 88 p e r
c e n t  r e l a t i v e  d e n s i t i e s  u n d e r  c o n f i n i n g  p r e s s u r e  w h i c h  r a n g e d  f r o m
50 kN/m^ t o  500 kN/m^. F i g .  4 . 3  shows t h a t  E r a n g e d  f r o m  135 MN/m^
t o  230 MN/m^ f o r  t h e  l o o s e  sand  and f r o m  160 MN/m^ t o  260 MN/m^ f o r
t h e  d e n s e  sand  c o r r e s p o n d i n g  t o  t h e  c h a n g e  i n  l a t e r a l  p r e s s u r e .
From t h e  r e s u l t s  i t  was  f o u n d  t h a t  t h e  M odu lus  o f  E l a s t i c i t y  i s
a f u n c t i o n  o f  c o n f i n i n g  p r e s s u r e .  To  p r o v e  t h a t  E i s  n o t  a
f u n c t i o n  o f  t h e  maximum p r i n c i p a l  s t r e s s  as  some r e s e a r c h e r s  h av e
s u g g e s t e d ,  t h e y  r a n  a s e r i e s  o f  t r i a x i a l  t e s t s  on t h e  same sand
w i t h  f i x e d  c o n f i n i n g  p r e s s u r e  o v e r  a r a n g e  o f  d e v i a t o r  s t r e s s .
F i g .  4 . 4  shows t h e  r e s u l t s  o f  t r i a x i a l  on  d e n s e  s a m p l e  o f  t h e  same
san d  s u b j e c t e d  t o  a c o n f i n i n g  p r e s s u r e  o f  500 kN/m. . T h e  s a m p l e
2
was s u c c e s s i v e l y  l o a d e d ,  u n l o a d e d  t o  70 kN/m and r e l o a d e d  t o
h i g h e r  v a l u e s  o f  s t r e s s .  L a r g e  i n e l a s t i c  s t r a i n s  a r e  shown when
2
t h e  d e v i a t o r  s t r e s s  was r e d u c e d  t o  70 kN/m and t h e  Modulus  o f .
2
E l a s t i c i t y  was a l m o s t  t h e  same ( a b o u t  200 MN/m ) w i t h  d e v i a t o r
2
s t r e s s  r a n g i n g  f r o m  140 t o  550 kN/m . F i g .  4 . 4  shows a l s o  t h a t  
t h e  s h a p e  o f  t h e  l o a d i n g  c u r v e ,  a f t e r  b e i n g  l o a d e d  and u n l o a d e d  
a p p e a r s  t o  be  s i m i l l a r  t o  t h e  v i r g i n  c u r v e .  T h i s  i n d i c a t e s  t h a t  
t h e  M od u lu s  o f  E l a s t i c i t y  o f  t h e  san d  c o r r e s p o n d i n g  t o  v a l u e s  o f  
d e v i a t o r  s t r e s s  g r e a t e r  th a n  t h o s e  w h i c h  h a v e  b e e n  c y c l e d  has b e en  
u n a f f e c t e d  by  t h e  p r e v i o u s  c y c l i n g .  M a k h l o u f  and S t e w a r t  ( 1 9 6 5 )  
o b s e r v e d  t h a t  t h e  amount  o f  i n e l a s t i c  d e f o r m a t i o n  a t  a g i v e n  v a l u e
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o f  d e v i a t o r  s t r e s s  was l e s s  f o r  h i g h e r  l a t e r a l  p r e s s u r e  w h i c h  
c o n f i r m e d  t h e  w o r k  o f  o t h e r s  m e n t i o n e d  e a r l y  i n  t h i s  p a r a g r a p h .
T h i s  b e h a v i o u r  i s  i l l u s t r a t e d  i n  F i g .  4 . 5  w h i c h  shows t h e  s t r e s s -  
s t r a i n  c u r v e s  f o r  t h e  f i r s t  and  t w e n t i e t h  c y c l e s  o f  l o a d i n g  and 
u n l o a d i n g  o f  v a r i o u s  s p e c i m e n s  a t  d i f f e r e n t  c o n f i n i n g  p r e s s u r e s  
and d e n s i t i e s ,  i n  a l l  o f  t h e  t e s t s  m o s t  o f  t h e  i n e l a s t i c  d e f o r m a ­
t i o n  o c c u r r e d  i n  t h e  f i r s t  c y c l e  o f  l o a d i n g  and u n l o a d i n g ,  and 
i n c r e a s e d  w i t h  a d d i t i o n a l  c y c l e s  a t  a d e c r e a s i n g  r a t e .
4 . 2 . 1 . 2  S t r e s s  H i s t o r y
F o r  n o r m a l l y  c o n s o l i d a t e d  s o i l  d u r i n g  v i r g i n  l o a d i n g  
t h e  s t r e s s - s t r a i n  r e l a t i o n s h i p  i s  i n i t i a l l y  l i n e a r ,  and may 
r e m a i n  s o  f o r  s m a l l  a x i a l  s t r a i n .  As  t h e  a x i a l  s t r a i n  i s  
i n c r e a s e d  t h e  s t r e s s - s t r a i n  r e l a t i o n s h i p  be com es  p r o g r e s s i v e l y  
n o n - l i n e a r .  The  d e g r e e  o f  l i n e a r i t y  d e p e n d s  upon t h e  d e n s i t y  o f  
t h e  s o i l .  A mo re  d e n s e  s p e c i m e n  w i l l  e x h i b i t  a g r e a t e r  d e g r e e  
o f  l i n e a r i t y  o f  t h e  s t r e s s - s t r a i n  c u r v e .  O v e r - c o n s o l i d a t e d  s o i l s ,  
h o w e v e r ,  h a v e  b e e n  o b s e r v e d  t o  e x h i b i t  an  a p p r o x i m a t e l y  l i n e a r  
s t r e s s - s t r a i n  r e l a t i o n s h i p  when t e s t e d  w i t h i n  t h e i r  p r e v i o u s  
s t r e s s  r a n g e .  E x c e e d i n g  t h e  p r e v i o u s  s t r e s s  r a n g e  c a u s e s  t h e  
s a m p l e  t o  b e h a v e  a s  i f  n o r m a l l y  c o n s o l i d a t e d ,  p r o d u c i n g  t h e  n o n ­
l i n e a r  s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  ( W r o t h ( 1 9 7 1 ) , A t k i n s o n  ( 1 9 7 5 ) )  
o b s e r v e d  f o r  t e s t s  on u n d i s t u r b e d  s a m p l e s  o f  London c l a y  t h a t  
t h e  b e h a v i o u r  i s  a p p r o x i m a t e l y  l i n e a r - e l a s t i c  f o r  s t r a i n  up t o  
o n e  p e r  c e n t .  From many t r i a x i a l  and o e d o m e t e r  c o m p r e s s i o n  t e s t s  
c a r r i e d  o u t  on a v a r i e t y  o f  s o i l  r a n g i n g  i n  p o r o s i t y  f r o m  z e r o  
( r o c k )  t o  a b o u t  90%, Janbu ( 1 9 6 3 )  p r o p o s e d  a s i m p l e  e x p r e s s i o n  
t o  e s t i m a t e  t h e  t a n g e n t  Y o u n g ' s  M odu lu s  f o r  a n o r m a l l y  c o n s o l i d a t e d  
s o i l  u n d e r  c o n s t a n t  s t r e s s  r a t i o  .
Afc
a v '  i s  t h e  e f f e c t i v e  v e r t i c a l  s t r e s s
a i s  a p u r e  number  b e t w e e n  0 and 1
aa  i s  o n e  a t m o s p h e r e  ( 1 0 0  kN/m2 in;  m e t r i c  u n i t s )
m i s  a m odu lu s  number
The  p a r a m e t e r s  m and a a r e  d e t e r m i n e d  e x p e r i m e n t a l l y .  F i g .  4 . 6
shows t y p i c a l  m odu lu s  numbers f o r  u n i f o r m  f i n e  s a n d ,  w h e r e
,,, _  ab> ( s t r e s s  r a t i o )  and n . i s  p o r o s i t y .  The  v a l u e  o f  ( a )  i s  
a v '
a r o u n d  1.0  ( e l a s t i c  m a t e r i a l )  f o r  p o r o s i t i e s  l o w e r  t h a n  20%.
F o r  p o r o s i t i e s  i n c r e a s i n g  f r o m  20% t o  60% t h e  a v a l u e  d e c r e a s e s
f r o m  a b o u t  1 . 0  t o  a p p r o x i m a t e l y  z e r o  ( p l a s t i c  m a t e r i a l s ) .  The
5 4
m odu lu s  number m i s  o f  t h e  o r d e r  o f  m a g n i t u d e  o f  10 t o  10 f o r  
sound r o c k  (n  ^ o )  b u t  i t  d r o p s  r a p i d l y  f o r  i n c r e a s i n g  p o r o s i t y .
F o r  sand  and s i l t y  s a n d ,  w h e r e  n -  35% t o  50% t h e  modu lus  number 
v a r i e s  b e t w e e n  50 and 5 00 .  F i g .  ( 4 . 7  a )  shows t h r e e  d i f f e r e n t  
s e t s  o f  E -  c u r v e s ,  i t  i s  s e e n  t h a t  c u r v e  ( 1 )  c o r r e s p o n d s  
t o  a = 0 , ( p l a s t i c  m a t e r i a l ) ,  c u r v e  ( 2 ) r e p r e s e n t s  on a - v a l u e  
o f  a b o u t  0 . 5  c o r r e s p o n d i n g  t o  medium d e n s e  s a n d ,  and c u r v e  ( 3 )  
c o r r e s p o n d s  t o  a = 1 e l a s t i c  m a t e r i a l s .
F i g .  4 . 7 b  shows t h e  E -O y '  c u r v e  f o r  f i n e  sand  o f  i n i t i a l  
p o r o s i t i e s  o f  39-40% f r o m  v a l u e s  o b t a i n e d  f r o m  an o e d o m e t e r  t e s t  
w h e r e  K = K0 and  two  t r i a x i a l  t e s t s  w i t h  K'  = 0 . 3 5  and K '  = 0 . 4 5 .  
H o w e v e r  Oanbu ( 1 9 6 3 )  s u g g e s t e d  t h a t  v a r i a t i o n  o f  E w i t h  a v '  i s  
t y p i c a l  f o r  a l a r g e  number o f  such t e s t s  on sand o f  d i f f e r e n t  
p o r o s i t i e s  and g r a i n  s i z e  d i s t r i b u t i o n  c h a r a c t e r i s t i c s ,  and  he 
m e n t i o n e d  t h a t  t h e  l o o s e r  t h e  sand  t h e  m ore  w i l l  t h e  E - o v 1 c u r v e  
a p p r o a c h  a s t r a i g h t  l i n e .  A s o i l  i s  assumed t o  b e  a l i n e a r - e l a s t i c
where E is  the tangent Young's Modulus -
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m a t e r i a l  when i t  i s  m o d e l l e d  by  f i n i t e  e l e m e n t  s t r e s s  a n a l y s e s  
i n  t h e i r  s i m p l e s t  f o r m ,  and t h i s  has  p r o m p t e d  s e v e r a l  r e s e a r c h e r s  
t o  t r y  t o  e l i m i n a t e  t h e  p l a s t i c  c o m p o n e n t s  o f  d e f o r m a t i o n  and 
t h e n  e v a l u a t e  t h e  p u r e l y  e l a s t i c  d e f o r m a t i o n  m o d u l i .
M a k h l o u f  and S t e w a r t  ( 1 9 6 5 )  p e r f o r m e d  s e v e r a l  t e s t s  i n  a t r i a x i a l  
c e l l . T h e y  c y c l e d  t h e  d e v i a t o r  s t r e s s  b e t w e e n  z e r o  and a maximum 
l e v e l  f o r  many c y c l e s ,  e v a l u a t i n g  t h e  Y o u n g ' s  Modu lu s  f o r  e a c h  
l o a d i n g  and u n l o a d i n g  c y c l e  ( F i g .  4 . 5 ) .  T h e i r  r e s u l t s  i n d i c a t e d  
t h a t  t h e  p l a s t i c  c o n t r i b u t i o n  t o  d e f o r m a t i o n  was  m o s t l y  e l i m i n a t e d  
a f t e r  t h e  f i r s t  l o a d i n g  c y c l e ,  and a f t e r  t w e n t y  l o a d i n g  c y c l e s  
t h e  l o a d i n g - u n l o a d i n g  s t r e s s - s t r a i n  r e l a t i o n s h i p s  w e r e  a l m o s t  
i d e n t i c a l ,  m o r e o v e r ,  t o  t h e  i n i t i a l  t a n g e n t  Y o u n g ' s  M odu lu s  
d e t e r m i n e d  a f t e r  20 l o a d i n g  c y c l e s .  T h e s e  f i n d i n g s  s u p p o r t  t h e  
o b s e r v a t i o n  o f  an a p p r o x i m a t e l y  l i n e a r  s t r e s s - s t r a i n  r e l a t i o n ­
s h i p  when r e l o a d i n g  an o v e r - c o n s o l i d a t e d  s o i l .  I t  was a l s o  
o b s e r v e d  t h a t  upon r e l o a d i n g  t h e  t e s t  s p e c i m e n  t o  b e y o n d  t h e  
p r e v i o u s  maximum a x i a l  s t r e s s ,  t h e  s o i l  b e h a v e d  as i f  i t  w e r e  
e x p e r i e n c i n g  v i r g i n  l o a d i n g .
Y o s h i m i  e t  a l  ( 1 9 7 5 )  r e p r o d u c e d  u n i f o r m  v o i d  r a t i o  a c c u r a t e l y  
i n  l a r g e  s a m p l e s .  T h e y  c o u l d  i n d u c e  o n e - d i m e n s i o n a l  l o a d i n g  o v e r  
t h e  e n t i r e  s a m p l e .  T h e  r e s u l t s  o f  two  s a m p l e s  a r e  shown i n  
F i g .  4 . 8  . T h e y  sh owed  a l a r g e  d i f f e r e n c e  i n  c o m p r e s s i b i l i t y  
b e t w e e n  t h e  i n i t i a l  l o a d i n g  and r e l o a d i n g  b e h a v i o u r ,  and t h e y  t h e n  
p r e p a r e d  a s e c o n d  s a m p l e  w i t h  a v o i d  r a t i o  n e a r l y  e q u a l  t o  t h a t  
o f  p r e s t r e s s e d  o n e .  Upon i n i t i a l  l o a d i n g  on t h i s  new n o r m a l l y  
c o n s o l i d a t e d  s a m p l e ,  t h e  c o m p r e s s i b i l i t y  o f  t h e  sand was  s i x ,;: t i m e s  
more  th an  t h e  o v e r - c o n s o l i d a t e d  on e  w i t h  t h e  same i n i t i a l  v o i d  r a t i o .  
T h e y  c o u l d  n o t  f i n d  su ch  an a f f e c t  on  t h e  c o m p r e s s i b i l i t y  o f  g r a n u l a r  
s o i l  f r o m  o t h e r  p a r a m e t e r s  o r  m a t e r i a l  c h a r a c t e r i s t i c s .
L a d e  and Duncan ( 1 9 7 5 )  p r o p o s e d  an e l a s t o p l a s t i c  t h e o r y  f o r  
m o d e l l i n g  t h e  s t r e s s - s t r a i n  b e h a v i o u r  o f  sand t h a t  a t t e m p t e d  t o  
a c c o u n t  f o r  t h e  e f f e c t s  o f  t h e  s t r e s s i n g  r e s u l t i n g  f r o m  c h a n g e s  
i n  a n y  o f  t h e  t h r e e  p r i n c i p a l ,  s t r e s s e s  as  shown i n  F i g .  4 . 9  .
T he  s t r e s s  r a t i o  f [ v  i s  u s e d  a s  a b a s i s  i n  f o r m u l a t i n g  a c r i t e r i o n  
f o r  t h e  mode o f  d e f o r m a t i o n .  P r o p o r t i o n a l  l o a d i n g ,  m o d e l l e d  as  
a t o t a l l y  e l a s t i c  p r o c e s s ,  o c c u r s  when t h e  s t r e s s e s  c h a n g e  su ch  
t h a t  t h e  s t r e s s  r a t i o  r e m a i n s  c o n s t a n t .  U n l o a d i n g ,  a l s o  m o d e l l e d  
as  b e i n g  t o t a l l y  e l a s t i c ,  i s  e x p e r i e n c e d  w h e n e v e r  t h e  s t r e s s  r a t i o  
d e c r e a s e s  e v e n  i f  t h e r e  i s  an o v e r a l l  s t r e s s  i n c r e a s e .  R e l o a d i n g  
i s  m o d e l l e d  as  b e i n g  t o t a l l y  e l a s t i c  and i s  s a i d  t o  o c c u r  w h e n ­
e v e r  t h e  s t r e s s  r a t i o  i n c r e a s e s  b u t  r e m a in s  l e s s  t h a n  t h e  p a s t  
maximum v a l u e  e x p e r i e n c e d  by  t h e  s a n d .  P r i m a r y  o r  v i r g i n  l o a d i n g  
i s  e x p e r i e n c e d  o n l y  when t h e  s t r e s s e s  c h a n g e  such  t h a t  t h e  s t r e s s  
r a t i o  e x c e e d s  i t s  p a s t  maximum v a l u e .  The  c r i t e r i o n  p r o p o s e d  
by  L a d e  and Duncan was a m a j o r  s t e p  f o r w a r d ;  i t  i s  v e r y  u s e f u l  
i n  d e f i n i n g  v i r g i n  l o a d i n g ,  u n l o a d i n g  and r e l o a d i n g  m o d e l s .
L a d e  and Duncan ( 1 9 7 6 )  c o m p are d  t h e i r  p r e d i c t e d  and a c t u a l  s t r e s s -  
s t r a i n  b e h a v i o u r .  T h e y  showed  g o o d  a g r e e m e n t  b e t w e e n  t h e  c a l c u l a t e d  
and m e a s u r e d  s t r a i n s ,  by  p e r f o r m i n g  d r a i n e d  t r i a x i a l  t e s t s  on 
s p e c i m e n s  71 mm i n  d i a m e t e r  and 178 mm h i g h  o f  M o n t e r r e y  N o . O  san d  
w h i c h  i s  c om posed  o f  s u b a n g u l a r  t o  su b ro u n d e d  g r a i n s  c o n s i s t i n g  
m a i n l y  o f  q u a r t z  and  F e l d s p a r .  T e s t s  w e r e  p e r f o r m e d  on l o o s e  
s p e c i m e n s  w h i c h  w e r e  m o r e  u s e f u l  f o r  j u d g i n g  t h e  a c c u r a c y  o f  t h e  
s t r e s s - s t r a i n  t h e o r y .  C o n s t a n t  o r  v a r y i n g  c o n f i n i n g  p r e s s u r e s  i n  
t h e  r a n g e  f r o m  2 9 . 4  kN/m2 t o  1 1 7 . 7  kN/m2 w e r e  e m p l o y e d  i n  t h e  
t e s t i n g  p ro g ram m e .  A number o f  t y p e s  o f  s i m p l e  s t r e s s  p a t h s  a r e  
c o n s i d e r e d  f o r  t h e  p u r p o s e  o f  t h e  a p p l i c a b i l i t y  o f  t h e  e l a s t o p l a s t i c  
s t r e s s  t h e o r y ,  and a r e  e x p l a i n e d  b r i e f l y  i n  p a r a g r a p h  4 . 2 . 1 . 4  o f
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t h i s  c h a p t e r .  L a m b r e c h t s  and L e o n a r d s  ( 1 9 7 8 )  e x a m in e d  t h e  f a c t o r s  
t h a t  d e t e r m i n e  w h e t h e r  a sand  d e f o r m e d  u n d e r  v i r g i n  l o a d i n g  o r  r e ­
l o a d i n g  c o n d i t i o n s  and w h e t h e r  t h e  d e f o r m a t i o n  mode and t h e  m o du lu s  
c o u l d  b e  s e n s e d  w i t h  a p e n e t r o m e t e r .  T h e y  u s ed  a t r i a x i a l  s p e c i m e n
1 5 7 . 5  mm i n  l e n g t h  and 71.1  mm i n  d i a m e t e r .  The  m a t e r i a l  u s e d  was 
a u n i f o r m  f i n e  w e l l - g r a d e d  O t t a w a  q u a r t z  san d  a l l  o f  w h i c h  p a s s e d  
t h e  N o .  40 s i e v e  w i t h  80% b e i n g  r e t a i n e d  on t h e  No .  50 s i e v e  
(ASTM 0 1 0 9 - 5 9 )  and t h e  r e m a i n d e r  b e i n g  r e t a i n e d  on t h e  N o .  60 s i e v e ,  
T h e  g r a i n s  w e r e  w e l l  r o u n d e d  and t h e  l i m i t i n g  v o i d  r a t i o s  w e r e  
f o u n d  t o  be  em^n = 0 . 5 4 5  and e max = 0 . 8 6 8 .  The  s a m p l e  v o i d  r a t i o s  
w e r e  a l l  w i t h i n  ±  0 . 0 0 5  o f  0 . 6 8 5  w h i c h  c o r r e s p o n d s  t o  an a v e r a g e  
r e l a t i v e  d e n s i t y  o f  57%. P r e s s u r e s  w e r e  a p p l i e d  t o  t h e  s a m p l e s  
u n d e r  a c o n t r o l l e d  s t r e s s  r e g i m e 9 and an LVDT was us e d  t o  m o n i t o r  
t h e  l a t e r a l  d e f o r m a t i o n  o f  t h e  s a m p l e .  D u r i n g  i n i t i a l  l o a d i n g  
o f  n o r m a l l y  c o n s o l i d a t e d  san d  s a m p l e s  t h e  K0 l i n e  was f o l l o w e d .
Upon u n l o a d i n g  o f  o v e r c o n s o l i d a t e d  s a m p l e s ,  r e f e r e n c e  w e r e  made 
t o  a s t r e s s  r a t i o  e q u i v e l a n t  t o  K0 i n  v i r g i n  l o a d i n g  i r r e s p e c t i v e  
o f  t h e  l a t e r a l  s t r a i n  o c c u r r i n g .  An i n c r e m e n t  o f  e f f e c t i v e
o
v e r t i c a l  p r e s s u r e  o f  A a v *  = 20 kN/m was a p p l i e d  on t h e  two  s a m p l e s  
a t  t h e  same s t r e s s  l e v e l  ( a v '  = 80  K Pa ,  a h '  = 3 6 . 6  kN/m2 ) k e e p i n g  
a h ‘ u n c h a n g e d .  T h e  t e s t  r e s u l t s ,  w h i c h  a r e  shown i n  F i g .  4 . 1 0  , 
r e v e a l  t h a t  Es i n c r e a s e d  by t e n  t i m e s  due  t o  p r e s s t r e s s i n g  t h e  
s a m p l e  up t o  130 kN/m . i . e .  an o v e r c o n s o l i d a t i o n  r a t i o  l e s s  t h a n  2 
T h e y  m e n t i o n e d  i n  t h e  p a p e r  t h a t  t h e  r e s u l t s  shown i n  F i g .  4 . 1 0  
a r e  t y p i c a l  o f  t h e  many s a m p l e s  t e s t e d  t h a t  had been  s u b j e c t e d  t o  
s t r e s s  p a t h  ( A C )  f o r  n o r m a l l y  c o n s o l i d a t e d  s a m p l e  and (ACBC)  
f o r  o v e r c o n s o l i d a t e d  s a m p l e  p r e s t r e s s e d  a l o n g  K0 p a t h s .  T h e y  
made i t  c l e a r  i n  t h e  p a p e r  t h a t  t h e  r e s u l t s  c a n n o t  b e  m o d e l l e d  
by  t h e  e l a s t o p i  a s t i c  t h e o r y  by  L a d e  and Duncan w h i c h  p r e d i c t s  
t h a t  b o t h  g r o u p s  o f  s a m p l e s  w o u l d  d e f o r m  i d e n t i c a l l y  b e c a u s e
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t h e  s t r e s s  level n e v e r  e x c e e d e d  t h e  v a l u e  t h a t  e x i s t e d  i m m e d i a t e l y  
b e f o r e  t h e  a p p l i c a t i o n  o f  t h e  f i r s t  i n c r e m e n t  o f  A a v ‘ .
4 . 2 . 1 . 3  S t r e s s  L e v e l
The  g e n e r a l  t r e n d  o f  b e h a v i o u r  o f  a d e c r e a s i n g  v a l u e  o f  
Y o u n g ' s  M odu lus  f o r  an i n c r e a s i n g  s h e a r  s t r e s s  l e v e l  has  be en  
o b s e r v e d  by  many i n v e s t i g a t o r s  (C hen  1 9 4 8 ) ;  Oak obson  ( 1 9 5 7 ) ;
Ladd  19 64 ;  S imons and Som 1 9 6 9 ) .
J a k o b s o n  ( 1 9 5 7 )  c a r r i e d  o u t  tw o  t y p e s  o f  t e s t s  on sand
u s i n g  t h e  a p p a r a t u s  d e s i g n e d  by  K j e l l m a n  ( 1 9 3 6 ) ,  o n e  w i t h  t h e
i n t e r m e d i a t e  s t r e s s  e q u a l  t o  t h e  m i n o r  p r i n c i p a l  s t r e s s ,  t h e  o t h e r
w i t h  t h e  i n t e r m e d i a t e  s t r e s s  e q u a l  t o  t h e  m a j o r  p r i n c i p a l  s t r e s s .
He f o u n d  t h a t  t h e  r e l a t i o n s h i p  b e t w e e n  t a n g e n t  Y o u n g ' s  Modu lus
and s h e a r  s t r e s s  p l o t t e d  on a l o g . - l i n e a r  g r a p h  was i t s e l f  a l m o s t
l i n e a r  ( F i g .  4 . 1 1 ) ,  w i t h  t h e  Y o u n g ' s  M odu lus  d e c r e a s i n g  as  t h e
s h e a r  s t r e s s  i n c r e a s e d .  M a k h l o u f  and S t e w a r t  ( 1 9 6 5 )  p e r f o r m e d  a
f u r t h e r  e x p e r i m e n t  on O t t a w a  sand  i n  t h e  d e n s e r  s t a t e  u n d e r  a
2
c o n f i n i n g  p r e s s u r e  o f  500 kN/m u s i n g  t h e  t r i a x i a l  m a c h i n e ,  t h e
2 2
s a m p l e  was  c y c l e d  s i x  t i m e s  b e t w e e n  525 kN/m and 35 kN/m and t h e n
l o a d e d  as shown i n  F i g .  4 . 1 2  . The  d e v i a t o r  s t r e s s  was  c y c l e d
2
t w i c e  o v e r  a r a n g e  o f  70 kN/m a t  p r o g r e s s i v e l y  h i g h e r  v a l u e s  o f  
minimum s t r e s s .  The  s l o p e s  o f  t h e  s e c o n d  r e l o a d i n g  c u r v e  f o r  e a c h  
s e t  o f  c y c l e s  a r e  shown i n  t h e  r i g h t  hand p o r t i o n  o f  F i g .  4 . 1 2  
and 4 . 1 3  w h i c h  show t h e  f o l l o w i n g  e f f e c t s  upon t h e  v a l u e  o f  E
c a u s e d  by  c y c l i n g  t h e  d e v i a t o r  s t r e s s :
i )  The  s l o p e  o f  e v e r y  r e l o a d i n g  c u r v e  i n c r e a s e d  w i t h  i n c r e a s e d  
c y c l i n g .  A f t e r  c y c l i n g  s i x  t i m e s  b e t w e e n  525 kN/m2 and 35 kN/m2 
E was 250 MN/m2 , i n  s u b s e q u e n t  l o a d i n g  b e t w e e n  82 kN/m2 and 
140 kN/m2 E was  a l m o s t  t h e  same,  w h i l e  b e t w e e n  400 kN/m2 and
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480 kN/m2 E was 500 MN/m2 .
i i )  When t h e  l o a d  was r e d u c e d  f r o m  480 kN/m2 t o  140 kN/m2 t h e
o
r e l o a d i n g  c u r v e  t o  480 kN/m was l i n e a r  o v e r  i t s  e n t i r e  l e n g t h ,  
w i t h  a v a l u e  o f  E = 300 MN/m2 .
i i i )  The  i n f l u e n c e  o f  t h e  r a n g e  o f  s t r e s s  upon E i s  shown i n  
F i g .  ( 4 . 1 3 )  w h e r e  t h e  l o a d  was r e d u c e d  t o  140 kN/m2 , 280 kN/m2
O O
and 410 kN/m and  i n  e a c h  c a s e  was a g a i n  i n c r e a s e d  t o  525 kN/m .
I n  a l l  c a s e s  t h e  c u r v e s  w e r e  l i n e a r  b u t  w i t h  d i f f e r e n t  s l o p e s .
The  m odu lu s  o f  e l a s t i c i t y  i s  shown t o  d e p e n d  upon t h e  
r a n g e  o f  t h e  d e v i a t o r  s t r e s s  and t h e  m a g n i t u d e  o f  e i t h e r  t h e  
maximum o r  minimum s t r e s s  b o u n d i n g  t h e  r a n g e .  I n  o t h e r  w o r d s  i t  
d e p e n d s  upon t h e  s t r e s s  l e v e l .  T h e y  c o n c l u d e d  f r o m  t h e i r  w o r k  
t h a t  t h e  d i f f e r e n c e s  b e t w e e n  t h e  s l o p e s  o f  t h e  s e c o n d  r e l o a d i n g  
c u r v e s  w o u ld  h a v e  b een  l e s s  i f  a l l  t h e  i n e l a s t i c  d e f o r m a t i o n  had 
b e e n  r e m o v e d  and t h e  i n c r e a s e s  i n  t h e  s l o p e s  w i t h  t h e  i n c r e a s e s  
o f  t h e  l o a d s  a r e  so  g r e a t  t h a t  i t  c a n n o t  be  a t t r i b u t e d  t o  i n c r e a s e d  
s t i f f n e s s  o f  t h e  s a m p l e .
Domaschuk and Wade ( 1 9 6 9 )  r e p e a t e d  a g e n e r a l  pa t te r/n  o f  
b e h a v i o u r  o f  s h e a r  s t r e s s  w i t h  s h e a r  s t r a i n  w h i c h  i s  s i m i l a r  t o  
t h e  normal  s t r e s s - s t r a i n  r e l a t i o n s h i p  w i t h  t h e  s h e a r  m od u lu s  
d e c r e a s i n g  as  t h e  s h e a r  s t r e s s  i n c r e a s e s .
4 . 2 . 1 . 4  S t r e s s  P a t h
I n  t h i s  p a r a g r a p h ,  s t r e s s  p a t h  i s  m e an t  t o  b e  t h e  s e q u e n c e  
o f  l o a d i n g  f r o m  a n y  p o i n t  a f t e r  t a k i n g  i n t o  c o n s i d e r a t i o n  t h e  
s t r e s s - h i s t o r y  i n  a r r i v i n g  a t  t h e  p o i n t .  Lambe ( 1 9 6 4 ,  1 9 6 7 )  
d i s c u s s e d  t h e  a p p l i c a b i l i t y  o f  s t r e s s  p a t h  c o n s i d e r a t i o n s .  The  
w o r k s  o f  Som ( 1 9 6 8 ) ,  S imons and Som ( 1 9 6 9 ) ,  S im ons  ( 1 9 7 1 ) ,  Ladd
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( 1 9 6 4 )  and D ' A p p o l o n i a  e t  a l  ( 1 9 6 8 )  h a v e  c o n f i r m e d  t h e  i m p o r t a n c e  
and r e l e v a n c e  o f  i t s  u s e .
K a r s t  e t  a l  ( 1 9 6 5 )  a p p l i e d  b a s i c  s t r e s s  p a t h s  t o  a t e s t  s p e c i m e n  
o f  san d  u s i n g  t h e  t r i a x i a l  c e l l ,  as  f o l l o w s .
i )  A normal  K0 c o n s o l i d a t i o n  t e s t ,  v i r g i n  l o a d i n g ,
i i )  An i s o t r o p i c  i n c r e m e n t  t e s t ,
i i i )  A c o n s o l i d a t e d  d r a i n e d  t e s t .
T h r o u g h o u t  e a c h  t e s t  s t r a i n s  w e r e  m e a su red  a t  ( a ]  -  03 ) b e t w e e n  
2 ?
100 kN/m and 600 kN/m t o  e v a l u a t e  E ,  many t e s t s  w e r e  p e r f o r m e d
on e a c h  s t r e s s  p a t h  and t h r e e  c u r v e s  w e r e  p l o t t e d  as  shown i n
F i g .  4 . 1 4  . The  r e s u l t s  sh owed  a r e l a t i o n  b e t w e e n  E and 03 f o r
e a c h  s t r e s s  p a t h .  F o r  e x a m p l e  on t h e  KQ p a th  E *  w h i l e  on  i s o t r o p i c
p a t h  E oc ( a 3 ) V 3 t By p l o t t i n g  t h e  t h r e e  c u r v e s  t h e y  c o u l d  f i n d
t h e  c o n s t a n t  o f  t h e  r e l a t i o n  f o r  e a c h  o f  t h e  t h r e e  t y p e s  o f  l o a d i n g .
B r e t h  e t  a l  ( 1 9 7 3 )  p e r f o r m e d  tw o  t y p e s  o f  t e s t  on  d e n s e  and 
l o o s e  s p e c im e n s  o f  u n i f o r m  R h i n e  r i v e r  sand  w i t h  p a r t i c l e s  b e t w e e n  
1 mm t o  3 mm. I n  one  o f  t h e  s e r i e s  a f t e r  t h e  s a m p le  had b e e n
p r e p a r e d  and c o n s o l i d a t e d  t o  t h e  r e q u i r e d  c o n f i n i n g  p r e s s u r e ,  t h e
c e l l  p r e s s u r e  was  k e p t  c o n s t a n t  and t h e  a x i a l  l o a d  was  i n c r e a s e d
u n t i l  t h e  s a m p l e  f a i l e d .  I n  t h e  s e c o n d  s e r i e s  t h e  a x i a l  l o a d
was k e p t  u n c h a n g e d ,  e q u a l  t o  t h e  c o n f i n i n g  p r e s s u r e  and t h e  c e l l  
p r e s s u r e  was d e c r e a s e d ,  u n t i l  t h e  s a m p l e  f a i l e d .  The  f a i l u r e  
s t r e s s  i s  d e f i n e d  as  t h e  s t r e s s  d i f f e r e n c e  (a-j -  03 ) .  The  r e s u l t s  
h a v e  shown t h a t  t h e  s e t t l e m e n t  o f  sand  d o e s  n o t  d epend  o n l y  on 
t h e  i n d i v i d u a l  d e f o r m a t i o n  o f  t h e  p a r t i c l e s ,  s t r e s s  c o n d i t i o n  
and d e n s i t y  o f  t h e  sand b u t  a l s o  d e p e n d s  on  t h e  s t r e s s  p a t h s .
T he  E v a l u e . ( F i g .  4 . 1 5 a  4 . 1 5 b ) ,  r e d u c e s  f r o m  i t s  maximum v a l u e
a t  o r  n e a r  to- t h e  s t r e s s  r a t i o
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~  -  1 ,  t o  z e r o  a t  t h e  s t r e s s  r a t i o  = 0 . 2 5 ( =  s t r e s s  r a t i o  a t  f a i l u r e ) .
The  g e n e r a l  t r e n d  i s  t h a t  t h e  r a t e  o f  d e c r e a s e  o f  E w i t h  s t r e s s  
r a t i o  i s  m o r e  f o r  t h e  c o n d i t i o n  w h e r e  a x i a l  s t r e s s  i s  k e p t  c o n s t a n t  
and e q u a l  t o  t h e  c o n f i n i n g  p r e s s u r e  and v e r t i c a l  s t r e s s  i s  i n c r e a s e d .
A t  a l l  s t r e s s  r a t i o  g e n e r a l l y  t h e  t a n g e n t  Y o u n g ' s  Modulus  i n c r e a s e s  
w i t h  t h e  i n i t i a l  c o n f i n i n g  p r e s s u r e .
L a m b r e c h t s  and L e o n a r d s ( 1 9 7 8 )  e x a m in e d  t h e  e f f e c t  o f  s t r e s s  
p a t h  on t h e  c o m p r e s s i b i l i t y  o f  t h e  s a n d .  D e t a i l s  o f  t h e  s a m p l e s  
a r e  g i v e n  i n  s e c t i o n  4 . 2 . 1 . 2  . Two s a m p l e s  w e r e  t e s t e d  as  shown 
i n  F i g .  4 . 1 6  . The  f i r s t  s t r e s s  p a t h  ( a )  was f r o m  A t o  C t o  B t h e n
t o  D ( F i g .  4 . 1 6  a )  and t h e  s e c o n d  t e s t  ( b )  f o l l o w e d  s t r e s s  p a t h  A t o  C t h e n
w e n t  d i r e c t l y  t o  D ( F i g .  4 . 1 6  b ) .  The  two  sa m p le s  w e r e  s t r e s s e d  
t h e n  by  a p p l y i n g  an i n c r e m e n t  o f  a v ‘ = 20 kN/m2 and k e e p i n g  
u n c h a n g e d .  The  Modu lu s  o f  e l a s t i c i t y  u n d e r  s t r e s s  p a t h  a was 
275 MN/m2 w h i l e  u n d e r  s t r e s s  p a t h  b was 85 MN/m2 .
E l - S o h b y  ( 1 9 6 9  ) e x a m i n e d  t h e  d e f o r m a t i o n  o f  g r a n u l a r  m a t e r i a l  
u n d e r  c o n s t a n t  s t r e s s  r a t i o .  F i g .  4 . 1 7  shows t h e  v o l u m e t r i c  
c o m p r e s s i b i l i t y  d u r i n g  c o n s t a n t  s t r e s s - r a t i o  l o a d i n g .  D e c r e a s e  
i n  s t r e s s  r a t i o  K = a h ' r e s u l t e d  i n  a d e c r e a s e  i n  v o l u m e t r i c
o’v '
c o m p r e s s i b i l i t y  f o r  e i t h e r  l o o s e  o r  d e n s e  s p e c i m e n s .  Thus t h e
v o l u m e t r i c  c o m p r e s s i b i l i t y  u n d e r  s t r e s s  r a t i o  o f  0 . 3 3  was  l e s s
t h a n  t h a t  u n d e r  s t r e s s  r a t i o  o f  1 . 0 , t h e  ch a n g e  o f  c o m p r e s s i b i l i t y  
w i t h  s t r e s s  r a t i o  b ecom es  much p r o n o u n c e d  a t  l o w e r  K. The  c a s e  
o f  K = 0 . 2 5  and K = 0 . 2 2  i l l u s t r a t e  t h i s  c h a n g e .  L o a d i n g  a t  
c o n s t a n t  s t r e s s  r a t i o  o f  0.22  r e s u l t e d  i n  n e g a t i v e  c o m p r e s s i b i l i t y  
f o r  d e n s e  s a n d .  E l - S o h b y  ( 1 9 6 9 )  e x p l a i n e d  t h a t  t h i s  c h a n g e  i n  t h e  
c o m p r e s s i b i l i t y  as  K d e c r e a s e s  i s  due  t o  s l i d i n g ,  s i n c e  i n  d e n s e  
p a c k i n g  t h e  sand t e n d s  t o  e x p a n d  due  t o  s l i d i n g ,  and t h e  s l i d i n g  
d e f o r m a t i o n  i n c r e a s e s  w i t h  t h e  i n c r e a s e  o f  t h e  i n d u c e d  s h e a r
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s t r e s s  due  t o  t h e  s t r e s s  r a t i o .  On t h e  o t h e r  hand t e s t s  c a r r i e d  o u t  
on l o o s e  f i n e  sand show s m a l l  i n c r e a s e s  i n  t h e  p o s i t i v e  c o m p r e s s i ­
b i l i t y  as  t h e  v a l u e  o f  K d e c r e a s e d  f r o m  1 . 0  t o  0 . 5 .  T h i s  s l i g h t  
i n c r e a s e  i n  t h e  c o m p r e s s i b i l i t y  may b e  e x p e c t e d  as  v e r y  l o o s e  
p a c k i n g s  t e n d  t o  c o l l a p s e  when t h e  s h e a r  s t r e s s e s  a r e  i n c r e a s e d  
a t  h i g h  s t r e s s  r a t i o s .  When K be c o m es  l o w e r  th a n  0 . 5  t h e  p a c k i n g  
s t a r t s  t o  d i l a t e  u n d e r  s h e a r  s t r e s s e s  and t h e  p o s i t i v e  c o m p r e s s i ­
b i l i t y  d e c r e a s e s .
G e r r a r d  ( 1 9 6 7 )  i l l u s t r a t e d  t h e  f o l l o w i n g  s t r e s s  p a t h  d e p e n d e n c y  
o f  d e f o r m a t i o n  b e h a v i o u r .  Two d i f f e r e n t  l o a d i n g  p a t h s  w e r e  
c o n s i d e r e d  ( F i g .  4 . 1 8 ) .  I n  p a t h  A s h e a r  l o a d i n g  a t  c o n s t a n t  l a t e r a l  
s t r e s s  was p r e c e e d e d  by  i s o t r o p i c  c o n s o l i d a t i o n .  I n  p a t h  B ,  t h e
s a m p l e  was l o a d e d  a n i s o t r o p i c a l l y  a t  c o n s t a n t  s t r e s s  r a t i o .  The
p o i n t  X w h e r e  t h e  two p a t h s  i n t e r s e c t e d  was c o n s i d e r e d ,  and t h e  
a x i a l ,  l a t e r a l  and v o l u m e t r i c  s t r a i n s  f o r  t h e  two d i f f e r e n t  p a t h s  
w e r e  e v a l u a t e d .  The  r e s u l t s  showed  t h a t  t h e  a x i a l  s t r a i n s  f o r  
b o t h  p a t h s  w e r e  c o m p r e s s i v e ,  b u t  t h e  a x i a l  s t r a i n  a l o n g  B was 
0 . 5 8 9  p e r  c e n t ,  b e i n g  1 . 5  t i m e s  t h e  a x i a l  s t r a i n  a l o n g  A ,  0 . 3 8 9  
p e r  c e n t .  F u r t h e r m o r e  t h e  r a d i a l  s t r a i n  i n  B was e x p a n s i v e  w h i l e  
i t  was c o m p r e s s i v e  i n  A ,  i n  a d d i t i o n ,  t h e  v o l u m e t r i c  s t r a i n  was  
s t i l l  c o m p r e s s i v e  i n  A ,  0 . 6 2 5  p e r  c e n t ,  b u t  a l r e a d y  d i l a t i o n ,
- 0 . 3 6 3  p e r  c e n t ,  was o c c u r r i n g  i n  B.
S u t t o n  ( 1 9 7 9 )  p r e s e n t e d  a c a s e  f o r  a c h i e v i n g  a s t r e s s  p a t h  
on a s a m p l e  o f  c o a r s e  sand  i n  t h e  l a b o r a t o r y  s i m i l a r  t o  t h e  o n e  
i n  t h e  f i e l d .  F i g .  4 . 1 9  shows t h e  c o m p a r i s o n  b e t w e e n  t h e  f i e l d  
and l a b o r a t o r y  s t r e s s  p a t h .  He e x a m i n e d  t h e  e f f e c t s  o f  u n d r a i n e d  
t o t a l  s t r e s s  r e l i e f  s a m p l i n g  d i s t u r b a n c e  t o g e t h e r  w i t h  t h e  e f f e c t s  
o f  i s o t r o p i c  and a n i s o t r o p i c  r e c o n s o l i d a t i o n ,  and t h e  s u b s e q u e n t  
a p p l i c a t i o n  o f  t h e  t r i a x i a l  t e s t  s t r e s s  p a t h  o r  o f  an i d e a l i s e d
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c o n s t r u c t i o n  s t r e s s  p a t h  m e a s u r e d  a t  t h e  s i t e  o f  an embankment  
dam. By c o m p a r i s o n  w i t h  t h e  m o d e l l e d  i n  s i t u  s o i l ,  he c o n f i r m e d  t h a t  
t h e  u n d r a i n e d  s t r e s s - s t r a i n  r e l a t i o n s h i p s  a r e  made s i g n i f i c a n t l y  
m o r e  r e a l i s t i c  by  a n i s o t r o p i c  r e c o n s o l i d a t i o n  t o  t h e  i n  s i t u  s t r e s s e s ,  
and t h a t  t h e  d r a i n e d  s t r e s s - s t r a i n  r e l a t i o n s h i p s  a r e  made m ore  
r e a l i s t i c  by  a p p l y i n g  t h e  f i e l d  s t r e s s  p a t h .  He showed a l s o  t h a t  
s t r e s s  r e l i e f  s a m p l i n g  d i s t u r b a n c e  d i d  a f f e c t  t h e  d e f o r m a t i o n  
m o d u l i  d e t e r m i n e d  f r o m  b o t h  t e s t s  d a t a .
L a d e  and Duncan ( 1 9 7 6 )  c o n s i d e r e d  a number o f  t y p e s  o f  
s t r e s s - p a t h s  ( F i g .  4 . 2 0 )  f o r  e x a m i n i n g  t h e  s t r e s s  p a t h  d e p e n d e n c y  
and t h e  a p p l i c a b i l i t y  o f  t h e i r  e l a s t o p l a s t i c  t h e o r y .  The  s t r e s s -  
s t r a i n  c u r v e s  f o r  t h e  m e a s u r e d  v a l u e s  and t h o s e  c a l c u l a t e d  u s i n g  
t h e  e l a s t o p l a s t i c  t h e o r y  t o g e t h e r  w i t h  t h e  s t r e s s  p a th  f o r  e a c h  
t e s t  a r e  shown i n  t h e  ( F i g .  4 . 2 0 ) .  T h e  c a l c u l a t e d  v a l u e s  o f  
s t r a i n s  and v o l u m e  c h a n g e s  a g r e e  q u i t e  w e l l  w i t h  t h o s e  m e a s u r e d  
f o r  m o s t  o f  t h e  s i m p l e  s t r e s s - p a t h s  s t u d i e d  by  them.  The  l a r g e s t  
d i s c r e p a n c i e s  o c c u r  i n  t h e  c a s e s  o f  p r o p o r t i o n a l  l o a d i n g  w i t h  
i n c r e a s i n g  s t r e s s  m a g n i t u d e s  and u n l o a d i n g  and r e l o a d i n g  a t  c o n s t a n t  
c o n f i n i n g  p r e s s u r e ,  f o r  w h i c h  t h e  e l a s t o p l a s t i c  t h e o r y  p r e d i c t s  
o n l y  e l a s t i c  s t r a i n s .  I t  was  c l e a r  t o  L a de  and Duncan t h a t  f o r  
t h o s e  t y p e s  o f  s t r e s s  c h a n g e s  some p l a s t i c  s t r a i n s  t o o k  p l a c e ,  
b u t  t o  p r e d i c t  t h e i r  o c c u r r a n c e  w o u l d  r e q u i r e  a more  c o m p l e x  
s t r e s s - s t r a i n  t h e o r y .  T h e y  n o t e d  t h a t  t h e  c a l c u l a t i o n s  o f  t h e  
s o i l  b e h a v i o u r  d i d  n o t  i n c l u d e  c o n s i d e r a t i o n  o f  t h e  p r e v i o u s  
l o a d i n g  h i s t o r y ,  e x c e p t  w i t h  r e s p e c t  t o  t h e  maximum p r e v i o u s  
s t r e s s  l e v e l  f o r  c a s e s  i n v o l v i n g  u n l o a d i n g  o r  r e l o a d i n g .  In  
t h e s e  c a s e s  t h e  maximum p r e v i o u s  s t r e s s  l e v e l  was used  t o  i d e n t i f y  
c o n d i t i o n s  on u n l o a d i n g  and  r e l o a d i n g .  F o r  t h e  o t h e r  c a s e s  o n l y
t h e  c u r r e n t  s t a t e  o f  s t r e s s  and  s t r e s s  i n c r e m e n t s  w e r e  u sed  i n  
c a l c u l a t i n g  t h e  s t r a i n s .  T he  m e a s u r e d  v a l u e s  o f  s t r a i n  w e r e
i
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l a r g e r  th a n  t h o s e  c a l c u l a t e d ,  i n d i c a t i n g  t h a t  some p l a s t i c  y i e l d i n g  
d i d  o c c u r  b e f o r e  t h e  p r e v i o u s  s t r e s s  l e v e l  had been  r e a c h e d .  T h e y  
b e l i e v e d  t h a t  t h i s  was  t h e  r e s u l t  o f  r e s i d u a l  s t r e s s  r e s u l t i n g  
f r o m  t h e  i n i t i a l  l o a d i n g ,  and t h i s  t y p e  o f  b e h a v i o u r  o c c u r s  w h e n ­
e v e r  t h e r e  has  b een  u n l o a d i n g  and r e l o a d i n g .  T h i s  b e h a v i o u r  i s  
r e f e r r e d  t o  a s  t h e  B a u s c h i n g e r  e f f e c t .  The  s t r e s s  s t r a i n  t h e o r y  
d o e s  n o t  r e f l e c t  t h i s  b e h a v i o u r ,  and  t h e  d i f f e r e n c e s  i n  m e a s u r e d  
and c a l c u l a t e d  v a l u e s  o f  t h e  a x i a l  s t r a i n s  f o r  r e l o a d i n g  a t  h i g h  
s t r e s s  l e v e l s  a r e  due  t o  t h e  s i m p l i f i c a t i o n  i n v o l v e d  i n  n e g l e c t i n g  
t h e  B a u s c h i n g e r  e f f e c t .
4 . 2 . 1 . 5  A g e  o f  C o n s o l i d a t i o n
A n a t u r a l  san d  d e p o s i t  w i l l  h a v e  b e e n  s u b j e c t e d  t o  t h e  
c u r r e n t  o r  h i g h e r  c o n f i n i n g  s t r e s s e s  s i n c e  d e p o s i t i o n .  I n  
g e o l o g i c a l  t e r m s ,  t h e  a g e  o f  d e p o s i t s  i s  t y p i c a l l y  o f  t h e  o r d e r  
o f  t h o u s a n d s  o f  y e a r s ,  y e t  i n  e x a m i n i n g  t h e  e f f e c t  o f  c o n s o l i d a t ­
i n g  s t r e s s e s  i n  t h e  l a b o r a t o r y ,  f r e s h l y  d e p o s i t e d  m a t e r i a l s  a r e  
u s e d .
Ohsak i  ( 1 9 6 9 )  s u g g e s t e d  t h a t  t h e  a g e  o f  a d e p o s i t  c an  
a f f e c t  i t s  s t r e n g t h .  T h i s  v i e w  was c o n f i r m e d  by  t h e  w o r k  o f  
S e e d  ( 1 9 7 6 )  w h i c h  show ed  t h a t  c o n s o l i d a t i o n  a g e  o f  100 d a y s  can  
i n c r e a s e  t h e  s t r e n g t h  o f  a s a m p l e  by  a s  much as 25% ( F i g .  4 . 2 1 ) .  
Mogami  ( 1 9 7 7 )  r e f e r r e d  t o  t h e  w o r k s  o f  Toh no  ( 1 9 7 5 ,  1 9 7 6 )  w h i c h  
sh owed  some c e m e n t i n g  e f f e c t s  and h i g h  d e n s i t y  i n  a g e d  d e p o s i t s .
No i n f o r m a t i o n  was g i v e n  c o n c e r n i n g  d e f o r m a t i o n  b e h a v i o u r .
D a r a m o la  ( 1 9 7 8 )  e x a m in e d  t h e  p o s s i b l e  e f f e c t s  o f  t h e  a g e  o f  
c o n s o l i d a t i o n  on t h e  d e f o r m a t i o n  b e h a v i o u r  o f  a t y p i c a l  g r a n u l a r  
s o i l .  F o u r  s a m p l e s  o f  Ham R i v e r  sand  w e r e  p r e p a r e d  i n  a b o u t  
e q u a l l y  d e n s e  s t a t e s .  400 kN/m2 o f  a l l  a r o u n d  e f f e c t i v e  p r e s s u r e
i
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w e r e  a p p l i e d  on f o u r  o f  them. T h e  f i r s t  s a m p l e  was s h e a r e d  
i m m e d i a t e l y  a f t e r  c o n s o l i d a t i o n ,  and t h e  o t h e r  t h r e e  w e r e  s h e a r e d  
when t h e  c o n s o l i d a t i o n  p r e s s u r e  has  b e e n  l e f t  on t h e  s a m p l e s  f o r  
1 0 , 3 0  and 152 d a ys  r e s p e c t i v e l y .  A l l  t h e  s a m p l e s  w e r e  s h e a r e d  
u n d e r  t h e  same r a t e  o f  0 . 0 4  mm/min. As  t h e  a g e  o f  c o n s o l i d a t i o n  
i n c r e a s e d ,  some d i f f e r e n c e s  i n  d e f o r m a t i o n  b e h a v i o u r  became n o t i c e a b l e .  
Th e  t e s t  r e s u l t s  a r e  shown i n  F i g .  4 . 2 2 . The  p e r i o d  o v e r  w h i c h  
a g r a n u l a r  s o i l  has b e e n  s u b j e c t e d  t o  c o n f i n i n g  s t r e s s e s  can  h a v e  
a m a j o r  e f f e c t  on i t s  s u b s e q u e n t  d e f o r m a t i o n  b e h a v i o u r .  When t h e  
a g e  o f  c o n s o l i d a t i o n  was 10 d a y s ,  t h e  s t r e s s - s t r a i n  c u r v e  was 
s i m i l a r  t o  t h a t  o f  f r e s h l y  d e p o s i t e d  s a m p l e ,  and t h e  a x i a l  s t r a i n s  
a t  f a i l u r e  w e r e  a b o u t  5 . 5  p e r  c e n t  f o r  b o t h .  As  t h e  a g e  o f  c o n s o l i d a ­
t i o n  i n c r e a s e d  t h e  d i f f e r e n c e s  became n o t i c e a b l e .  The  s t r e s s -  
s t r a i n  c u r v e s  became s t e e p e r ,  and t h e  s t r a i n s  t o  f a i l u r e  r e d u c e d  
t o  3 . 2  p e r  c e n t  a t  30 d a y s  and 2 . 2  p e r  c e n t  a t  a c o n s o l i d a t i o n  a g e  
o f  152 d a y s .
4 . 2 . 1 . 6  I n t e r m e d i a t e  P r i n c i p a l  S t r e s s
Th e  i n f l u e n c e  o f  t h e  i n t e r m e d i a t e  p r i n c i p a l  s t r e s s  on 
d e f o r m a t i o n  may be  e x a m in e d  on  a t h e o r e t i c a l  b a s i s ,  by  a s s u m in g  
an i d e a l  i s o t r o p i c  e l a s t i c  med ium.  Th e  a v a i l a b l e  e x p e r i m e n t a l  
e v i d e n c e ,  l i m i t s  t h e  s u p p o r t  o f  t h e  t h e o r e t i c a l  a s s u m p t i o n .
C o r n f o r t h  ( 1 9 6 4 )  g a v e  a c o m p a r i s o n  o f  s t r e s s - s t r a i n  c u r v e s  b e t w e e n  
t r i a x i a l  c o m p r e s s i o n  and p l a n e  s t r a i n  t e s t s  a t  f o u r  d i f f e r e n t  
r e l a t i v e  d e n s i t i e s .  I n  a l l  c a s e s ,  t h e  p l a n e  s t r a i n  t e s t s  show ed  
a s t e e p e r  s t r e s s - s t r a i n  c u r v e  th a n  t h e  t r i a x i a l  c o m p r e s s i o n  t e s t s .
Th e  a x i a l  s t r a i n s  a t  f a i l u r e  w e r e  l e s s  and t h e  d e g r e e  o f  v o l u m e t r i c  
d i l a t i o n  was  l e s s  f o r  p l a n e  s t r a i n  t h a n  f o r  t r i a x i a l  c o m p r e s s i o n .
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A s i m i l a r  t r e n d  o f  r e s u l t s  was  f o u n d  by  F i n n  e t  a l  ( 1 9 6 7 )
F i g .  4 . 2 3  .
A l - H u s s a i n i  ( 1 9 7 2 )  g a v e  a su m m a r i s e d  c o m p a r i s o n  o f  d e f o r m a ­
t i o n  b e h a v i o u r  u n d e r  p l a n e  s t r a i n  and t r i a x i a l  c o n d i t i o n .  A x i a l  
and v o l u m e t r i c  s t r a i n s  a t  f a i l u r e  w e r e  d e t e r m i n e d  f o r  t e s t s  a t  
d i f f e r e n t  d e n s i t i e s .  T h o s e  a r e  shown i n  F i g .  4 . 2 4  i n  w h i c h  t h e  
a x i a l  s t r a i n  and v o l u m e t r i c  d i l a t i o n  u n d e r  t r i a x i a l  c o n d i t i o n s  w e r e  
g r e a t e r  t h a n  u n d e r  p l a n e  c o n d i t i o n s .  A l s o  t h e  e x p e r i m e n t a l  r e s u l t s  
o f  L e e  ( 1 9 7 0 )  showed t h e  i n i t i a l  t a n g e n t  modu lus  f o r  p l a n e  s t r a i n  
i s  g r e a t e r  t h a n  f o r  t r i a x i a l  c o n d i t i o n s  F i g .  4 . 2 5  .
The  t r i a x i a l  and p l a n e  s t r a i n  c o n d i t i o n s  a r e  p a r t i c u l a r
c a s e s  f o r  t h e  i n t e r m e d i a t e  p r i n c i p a l  s t r e s s  o f  a s  i t  v a r i e s  f r o m
o n e  v a l u e  t o  a n o t h e r .  G r e e n  ( 1 9 6 9 )  and R e a d e s  ( 1 9 7 2 )  b o t h  o f  whom
h a v e  s e p a r a t e l y  e x a m in e d  t h e  e f f e c t  on  t h e  s t r e n g t h  o f  Ham R i v e r
s a n d ,  h a v e  shown a g e n e r a l  i n f l u e n c e  o f  o f  on t h e  d e f o r m a t i o n
b e h a v i o u r .  T h e y  e x a m in e d  t h e  r e l a t i o n  b e t w e e n  t h e  a x i a l  s t r a i n s
a t  f a i l u r e  and w h a t  t h e y  c a l l e d  t h e  b v a l u e  f o r  b o t h  l o o s e  and
d e n s e  s a m p l e s  o f  s a n d ,
w h e r e  ^ _  ( ? 2 ‘ -  g 3 * )
( o f  -  o f )
4 . 2 . 2  M a t e r i a l - D e p e n d e n t  F a c t o r s
4 . 2 . 2 . 1  I n f l u e n c e  o f  G e n e r a l  P r o p e r t i e s  o f  The  M a t e r i a l
K o l b u z e w s k i  and F r e d r i c k  ( 1 9 6 3 )  show ed  t h a t  t h e  g r a d i n g  
o f  a g r a n u l a r  m a t e r i a l  c a n  a f f e c t  i t s  l i m i t i n g  p o r o s i t i e s 5 a n d ,  
a s  s u c h ,  t h e  e v a n t u a l  a n g l e  o f  s h e a r i n g  r e s i s t a n c e .  K i r k p a t r i c k  
( 1 9 6 5 )  o b t a i n e d  a l m o s t  s i m i l a r  r e s u l t s  and showed f u r t h e r  t h a t  
t h e  s m a l l e r  t h e  g r a i n  s i z e ,  t h e  h i g h e r  t h e  a n g l e  o f  s h e a r i n g  
r e s i s t a n c e .  H o l u b e c  and D ' A p p o l o n i a  ( 1 9 7 2 )  i n v e s t i g a t e d  t h e
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i n f l u e n c e  o f  m a t e r i a l  p r o p e r t i e s  on d e f o r m a t i o n  b e h a v i o u r .  T h e y  
c o n s i d e r e d  m a t e r i a l s  o f  d i f f e r e n t  s h a p e s  a n d ,a s  s u c h , d i f f e r e n t  
c o e f f i c i e n t  o f  a n g u l a r i t y .  The  a x i a l  s t r a i n s  a t  f a i l u r e  a r e  as  
shown i n  F i g .  4 . 2 6 .  Thus t h e  m o s t  a n g u l a r  o l i v i n e  sand  d e f o r m e d  
m o s t  a t  a l l  d e n s i t i e s  and i t s  d e f o r m a t i o n  was  r e d u c e d  by  d e n s i -  
f i c a t i o n ,  on  t h e  o t h e r  hand,  t h e  s p h e r i c a l  g l a s s  b e a d s  d e f o r m e d  
l e a s t  and i t s  d e f o r m a t i o n  was v i r t u a l l y  u n a f f e c t e d  by  d e n s i t y  
v a r i a t i o n .
K o e r n e r  ( 1 9 6 8 )  c o n d u c t e d  an e x t e n s i v e  s e r i e s  o f  t r i a x i a l  
t e s t s  on g r a n u l a r  m a t e r i a l s  o f  q u a r t z ,  f e l d s p a r ,  c a l c i t e ,  c h l o r i t e  
and m i c a .  Each m a t e r i a l  was t e s t e d  a t  v a r y i n g  g r a d i n g  p r o p e r t i e s .  
T h e  i n f l u e n c e  o f  i n t e r n a l  c o m p o s i t i o n  on d e f o r m a t i o n  was  e x a m i n e d  
b y  c o n s i d e r i n g  t h e  b e h a v i o u r  o f  f e l d s p a r  and q u a r t z  u n d e r  i d e n t i c a l  
c o n d i t i o n s .  B o th  w e r e  p r e p a r e d  w i t h  t h e  same c o e f f i c i e n t  o f  
u n i f o r m i t y  cu = 5 ,  and w i t h  e q u a l  D10 = 0 .074  mm. T h e y  w e r e  t e s t e d  
i n  t h e  s a t u r a t e d  c o n d i t i o n  w i t h  a c o n s t a n t  v a l u e  o f  e f f e c t i v e  l a t e r a l  
s t r e s s  o f  = 200 kN/m^.The  a x i a l  and v o l u m e t r i c  s t r a i n s  a t  f a i l u r e  
w e r e  p l o t t e d  a g a i n s t  t h e  r e l a t i v e  d e n s i t i e s  as  shown i n  F i g .  4 . 2 7 .  
Thus a ny  sand  w i t h  p a r t i c l e s  o f  f e l d s p a r  w i l l  d e f o r m  m o r e  and  d i l a t e  
l e s s  u n d e r  l o a d  th a n  o n e  w i t h  p a r t i c l e s  o f  q u a r t z .  The  e f f e c t  o f  
v a r y i n g  g r a d i n g  p r o p e r t i e s  was c o n s i d e r e d  by s e l e c t i n g  q u a r t z  as  
an e x a m p l e .  T h e  a x i a l  and v o l u m e t r i c  s t r a i n s  a t  f a i l u r e  a r e  
shown i n  F i g .  4 . 2 8  and 4 . 2 9  f o r  tw o  d i f f e r e n t  g r a d i n g  p r o p e r t i e s .
F i g .  4 . 2 8  shows t h a t  a u n i f o r m  m a t e r i a l  d e f o r m s  m ore  and d i l a t e s  
l e s s  t h a n  a r a t h e r  w e l l  g r a d e d  m a t e r i a l ,  w h i l e  F i g .  4 . 2 9  shows 
t h a t  t h e  f i n e r  t h e  p a r t i c l e s  o f  a m a t e r i a l ,  t h e  m ore  c o m p r e s s i b l e  
and t h e  l e s s  d i l a t a n t  t h e  s o i l  w i l l  b e .  The  e v i d e n c e  a l s o  shows 
a g r e e m e n t  w i t h  t h e  s t a t e d  o b s e r v a t i o n s  o f  H o l u b e c  and D ' A p p o l o n i a
( 1 9 7 2 ) ,  and a l s o  o f  E l - S o h b y  and A n d ra w es  ( 1 9 7 2 )  t h a t  s u b a n g u l a r
4 . 2 . 2 . 2  T h e  R e l a t i v e  D e n s i t y  o f  G r a n u l a r  S o i l
Th e  e f f e c t  o f  t h e  r e l a t i v e  d e n s i t y  o f  t e s t  s p e c i m e n s  upon 
P o i s s o n ' s  R a t i o  has  b e e n  o b s e r v e d  by  Chen ( 1 9 4 8 )  and B r e t h  e t  a l
( 1 9 7 3 ) .  T h e i r  f i n d i n g s  showed  a s i g n i f i c a n t  i n c r e a s e  i n  P o i s s o n ' s  
R a t i o  f o r  an i n c r e a s e  i n  t h e  r e l a t i v e  d e n s i t y  o f  t e s t  s p e c i m e n s  
o f  s a n d .
Domaschuk and Wade ( 1 9 6 9 )  p e r f o r m e d  c o n v e n t i o n a l  c o n s o l i d a t e d  
t r i a x i a l  t e s t s  upon sand and o b s e r v e d  t h e  i n i t i a l  s h e a r  m odu lus  
i n c r e a s e d  r a p i d l y  a s  t h e  r e l a t i v e  d e n s i t y  o f  t e s t  s p e c i m e n s  was  
i n c r e a s e d ( F i g .  4 . 3 0 ) .  Th e  B u lk  Modu lus  has  a l s o  b een  r e l a t e d  t o  
t h e  r e l a t i v e  d e n s i t y  f o r  sand as  shown i n  F i g .  4 .31  t h e r e  i s  a 
n o n - l i n e a r  i n c r e a s e  i n  B u lk  M odu lu s  as  t h e  r e l a t i v e  d e n s i t y  i n c r e a s e s .
I t  i s  a p p a r e n t  f r o m  F i g .  4 . 3 0  t h a t  t h e  s e n s i t i v i t y  o f  t h e  B u lk  
Modu lu s  t o  r e l a t i v e  d e n s i t y  i n c r e a s e s  as  t h e  r e l a t i v e  d e n s i t y  
i n c r e a s e s .
M a k h l o u f  and S t e w a r t  ( 1 9 6 5 )  t e s t e d  an a i r - d r y  c l e a n
o 3
O t t a w a  sand  i n  two s t a t e s  o f  d e n s i t y ,  1 .61  Mg/nr  and 1 . 7 4  Mg/m 
c o r r e s p o n d i n g  t o  r e l a t i v e  d e n s i t i e s  o f  0% and 88% u n d e r  a r a n g e  
o f  c o n f i n i n g  p r e s s u r e .  T h e  l o o s e  s t a t e  was o b t a i n e d  b y  g e n t l y  
p o u r i n g  t h e  san d  i n t o  a t h i n  r u b b e r  membrane  e n c a s e d  b y  t h e  
c o n v e n t i o n a l  G e o n o r  m o l d .  The  d e n s e  s t a t e  was o b t a i n e d  by  tamp­
i n g  12 mm l a y e r s  o f  s an d  i n  t h e  membrane .  F o r  c o n f i n i n g  p r e s s u r e s  
o v e r  100 kN/m2 t h e  v a l u e  o f  E d o e s  n o t  v a r y  much b e t w e e n  t h e  l o o s e s t  
and d e n s e s t - s t a t e s ;  E f o r  t h e  d e n s e s t  s t a t e  was a b o u t  20 MN/m2 ( 1 0  t o  15%) 
h i g h e r  t h a n  E f o r  t h e  l o o s e s t .  T h e y  m e n t i o n e d  i n  t h e i r  p a p e r  t h a t  
s a n d s  w i t h  a g r e a t e r  r a n g e  i n  d e n s i t y  m i g h t  e x h i b i t  a g r e a t e r  
d i f f e r e n c e  i n  E.  S e v e r a l  a u t h o r s ,  f o r  e x a m p l e  M e l z e r  ( 1 9 7 2 )  and
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p a r t ic le s  deform more than rounded ones.
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L a c r o i x  and Horn  ( 1 9 7 2 )  h a v e  a t t e m p t e d  t o  d e m o n s t r a t e  t h e  u s e f u l n e s s  
o f  t h e  e m p i r i c a l  r e l a t i v e  d e n s i t y  i n  v a r i o u s  a s p e c t s  o f  g e o t e c h n i c a l  
e n g i n e e r i n g .  Examp les  h av e  b e e n  g i v e n  o f  t h e  u s e  o f  r e l a t i v e  d e n s i t y  
a s  t h e  c r i t e r i o n  f o r  c o n t r o l l i n g  t h e  q u a l i t y  o f  c o m p a c t e d  g r a n u l a r  
f i l l .  M e l z e r  ( 1 9 7 2 )  p o i n t e d  o u t  t h e  l i m i t a t i o n  and d i f f i c u l t i e s  
a s s o c i a t e d  w i t h  t h e  u s e  o f  r e l a t i v e  d e n s i t y .  T a v e n a s  e t  a l  ( 1 9 7 2 )  
h a v e  c o n v i n c i n g l y  shown t h a t  t h e  d e t e r m i n a t i o n  o f  r e l a t i v e  d e n s i t y  
i s  s u b j e c t  t o  c o n s i d e r a b l e  v a r i a t i o n  and has b e en  shown t o  be  n on -  
r e p r o d u c i b l e .  T a v e n a s  e t  a l  ( 1 9 7 2 )  s u g g e s t e d  t h a t  t h e  h i g h  v a r i a ­
b i l i t y  i n  m e a s u r i n g  r e l a t i v e  d e n s i t y  i m p l i e s  t h a t  t h e  c o m p a r i s o n  o f  
t h e  p r o p e r t i e s  o f  d i f f e r e n t  s o i l s ,  as  i n v e s t i g a t e d  by  d i f f e r e n t  
e n g i n e e r s  w o u l d  be  i m p o s s i b l e .  T h e y  s t a t e d  t h a t ,  f o r  t h e  same 
r e a s o n ,  an e n g i n e e r  c a n n o t  make e f f i c i e n t  use  o f  any  p u b l i s h e d  
c o r r e l a t i o n  b e t w e e n  t h e  r e l a t i v e  d e n s i t y  and m e c h a n i c a l  p r o p e r t i e s  
o f  s a n d s ,  s i n c e  he w i l l  n o t  be  a b l e  t o  r e p r o d u c e  t h e  same r e l a t i v e  
d e n s i t y .  T a v e n a s  e t  a l  ( 1 9 7 2 )  sh owed  t h a t  e v e n  r e l a t i v e  d e n s i t y  
t e s t s  p e r f o r m e d  u s i n g  t h e  m e th od  s p e c i f i e d  by  ASTM D2049-69 
w e r e  h i g h l y  d e p e n d e n t  on t h e  o p e r a t o r  o r  t h e  l a b o r a t o r y  
p e r f o r m i n g  t h e  t e s t .  The  r e s u l t i n g  e r r o r  on t h e  r e l a t i v e  
d e n s i t y  was  shown t o  be  l a r g e r  t h a n  ±  15% i n  t h e  m o s t  f a v o u r a b l e  c a s e ,  
and was  u s u a l l y  o f  t h e  o r d e r  o f  ±  30% t o  ± 47%, p r i m a r i l y  due  t o  t h e  
v a r i a b i l i t y  and t o  t h e  f o r m u l a t i o n  o f  t h e  r e l a t i v e  d e n s i t y ,  w h i c h  i s  t h e  
r a t i o  o f  two  s m a l l  d i f f e r e n c e s  b e t w e e n  l a r g e  numbers T a v a n a s  e t  a l  
( 1 9 7 2 )  c o n c l u d e d  t h a t
( i )  The  r e l a t i v e  d e n s i t y  c a n n o t  be  c o n s i d e r e d  as  a c o m m u n i c a t i o n  t o o l  
b e t w e e n  e n g i n e e r s  d e a l i n g  w i t h  c o h e s i o n l e s s  s o i l .
( i i )  A l l  p u b l i s h e d  c o r r e l a t i o n s  b e t w e e n  r e l a t i v e  d e n s i t y  and t h e  
m e c h a n i c a l  p r o p e r t i e s  o f  s and a r e  u s e l e s s  t o  a n y o n e  b u t  t h o s e  who 
h a v e  e s t a b l i s h e d  them.  H en c e  t h e  p o t e n t i a l  o f  r e l a t i v e  d e n s i t y  as  a 
v a l u a b l e  e n g i n e e r i n g  t o o l  i s  m o r e  t h a n  l i m i t e d .
( i i i )  The  r e l a t i v e  d e n s i t y  i s  n o t  a g o o d  c r i t e r i o n  f o r  t h e  c o n t r o l
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o f  c o m p a c t i o n ,  s i n c e  t h e  q u a l i t y  o f  f i l l  a t  a g i v e n  r e l a t i v e  d e n s i t y  
w i l l  b e  e s s e n t i a l l y  a f u n c t i o n  o f  t h e  l a b o r a t o r y  p e r f o r m i n g  t h e  
c o n t r o l  t e s t s .
( i v )  Th e  r e l a t i v e  d e n s i t y ,  b e i n g  p r o v e d  u s e l e s s  i n  a l l  t h r e e  m a j o r  
c a s e s  w h e r e  i t  was s u p p o s e d  t o  be  a v a l u a b l e  c o n c e p t , t h e  q u e s t i o n  
o f  i t s  v a l i d i t y  as  a s o i l  p a r a m e t e r  s h o u l d  be  u r g e n t l y  r e c o n s i d e r e d .  
I t  s u g g e s t e d  i n  t h i s  r e s p e c t  t h a t  v o i d  r a t i o  s h o u l d  be  u sed  t o  
s t a t e  t h e  q u a l i t y  o f  g r a n u l a r  m a t e r i a l .
4 . 2 . 2 . 3  I n f l u e n c e  o f  A n i s o t r o p y
In  n a t u r e * s a n d s  a r e  d e p o s i t e d  i n  t h e  g r a v i t a t i o n a l  f i e l d ,  
th o u g h  t h i s  f r e q u e n t l y  i n v o l v e s  f l o w i n g  w a t e r .  T h u s ,  f o r m a t i o n  
o c c u r s  i n  h o r i z o n t a l  l a y e r s  and i t  m i g h t  be  e x p e c t e d  t h a t  t h e  
p r o p e r t i e s  o f  a p a r t i c u l a r  l a y e r  and i t s  s u b s e q u e n t  l o a d - d e f o r m a t i o n  
r e s p o n s e ,  can  be  d i f f e r e n t  f r o m  t h o s e  o f  a n o t h e r  l a y e r .  N on ­
i s o t r o p i c  d e f o r m a t i o n  b e h a v i o u r  ca n  be  due  e n t i r e l y  t o  t h e  p h y s i c a l  
p r o p e r t i e s  and s t r u c t u r e  o f  t h e  m a t e r i a l ,  i n  w h i c h  c a s e ,  i t  i s  known 
as  i n h e r e n t  a n i s o t r o p y  ( C a s a g r a n d e  and C a r i l o ,  1 9 4 4 ) ; on  t h e  o t h e r  
hand a s t r u c t u r a l l y  i s o t r o p i c  m a t e r i a l  can  s t i l l  g i v e  n o n - i s o t r o p i c  
l o a d - d e f o r m a t i o n  r e s p o n s e .  When t h i s  i s  due  e x c l u s i v e l y  t o  t h e  
s t r a i n  a s s o c i a t e d  w i t h  t h e  a p p l i e d  s t r e s s e s ,  t h e  m a t e r i a l  i s  s a i d  
t o  p o s s e s s  i n d u c e d  a n i s o t r o p y .  A n i s o t r o p y  and i t s  d e g r e e  can  be  
e x a m in e d  i n  t h e  l a b o r a t o r y .  F o r  a p u r e l y  i s o t r o p i c  m a t e r i a l ,  t h e  
i m p o s i t i o n  o f  i s o t r o p i c  s t r e s s e s  s h o u l d  g i v e  3 v o l u m e t r i c  s t r a i n  
w h i c h  i s  t h r e e  t i m e s  t h e  a x i a l  s t r a i n .  Any  d e p a r t u r e  f r o m  t h i s  
i m p l i e s  a n i s o t r o p y  ( E l - S o h b y ,  1969 b ) , a n d  t h e  g r e a t e r  d e p a r t u r e ,  
t h e  g r e a t e r  t h e  d e g r e e  o f  a n i s o t r o p y .  E l - S o h b y  and A n d ra w e s  
( 1 9 7 2 ,  1 9 7 3 )  showed  t h a t  u n d e r  i s o t r o p i c  s t r e s s e s ,  t h e  l o a d -  
d e f o r m a t i o n  r e s p o n s e  ca n  s t i l l  b e  n o n - i s o t r o p i c ,  -  i n d i c a t i n g  
a c l e a r  e v i d e n c e  o f  i n h e r e n t  a n i s o t r o p y .
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Oda ( 1 9 7 2  b )  showed  t h a t  g r a n u l a r  m a t e r i a l s  t e n d  t o  come 
t o  r e s t  i n  a p r e f e r r e d  p o s i t i o n  w h e r e  t h e  number  o f  i n t e r p a r t i c l e  
c o n t a c t s  i s  a maximum and  t h a t  i s  a l w a y s  i n  t h e  d i r e c t i o n  o f  
d e p o s i t i o n .  T h i s  i s  i n  a g r e e m e n t  w i t h  e x p e r i m e n t a l  f i n d i n g s .  
T r i a x i a l  s a m p l e s  h a v e  b e e n  s e t  up i n  t i l t i n g  m ou lds  m a k in g  i t  
p o s s i b l e  t o  f o r m  s a m p l e s  such  t h a t  t h e  a n g l e  b e t w e e n  t h e  d i r e c t i o n  
o f  f o r m a t i o n  and t h e  m a j o r  p r i n c i p a l  s t r e s s ,  can  be  v a r i e d  f r o m  
a v a l u e  o f  0 t o  9 0 °  ( A r t h u r  and P h i l l i p s  1 9 7 5 ,  Oda 1972 a ) .  The  
e x p e r i m e n t a l  r e s u l t s  i n d i c a t e  t h a t  t h e  s t r e n g t h  was maximum when 
t h e  d i r e c t i o n  o f  f o r m a t i o n  and t h a t  o f  l o a d i n g  c o i n c i d e d .  How­
e v e r  a p r o g r e s s i v e  d r o p  i n  s t r e n g t h  was  o b s e r v e d  as  t h e  a n g l e  o f  
f o r m a t i o n  i n c r e a s e d .  When t h e  a n g l e  became 9 0 °  t h e  s t r e n g t h  was 
a min imum, and a d r o p  o f  as much as  10% had o c c u r r e d .
T h e  e f f e c t  on  d e f o r m a t i o n  was mor e  p r o n o u n c e d .  W i t h  
i n c r e a s e  i n  t h e  a n g l e  o f  f o r m a t i o n ,  t h e  m a t e r i a l  became m ore  
c o m p r e s s i b l e ,  b o t h  a x i a l  and v o l u m e t r i c  s t r a i n s  i n c r e a s e d ,  and 
t h e  r a t e  o f  d i l a t a n c y  a t  f a i l u r e  was r e d u c e d  (O d a ,  1972 a ) .  T h e  
l o o s e r  t h e  m a t e r i a l ,  h o w e v e r ,  t h e  l e s s  p r o n o u n c e d  w e r e  these -  
e f f e c t s .  S e c a n t  m o d u l i  d e t e r m i n e d  a t  a f a c t o r  o f  s a f e t y  o f  2 
show t h a t ,  a t  a n y  v o i d  r a t i o ,  t h e  r e s i s t a n c e  t o  d e f o r m a t i o n  was 
h i g h e s t  when t h e  d i r e c t i o n  o f  f o r m a t i o n  and t h a t  o f  l o a d i n g  
c o i n c i d e d ,  and l e a s t  when t h e  tw o  d i r e c t i o n s  w e r e  a t  r i g h t  a n g l e s  
( F i g .  4 . 3 2 )
4 . 2 . 2 . 4  I n f l u e n c e  o f  H e t e r o g e n e i t y
G r a n u l a r  m a t e r i a l s  a r e  u s u a l l y  p r e p a r e d  a t  a c e r t a i n  
d e n s i t y  i n  t h e  l a b o r a t o r y ,  and t h i s  d e n s i t y  i s  assumed t o  be u n i f o r m  
t h r o u g h o u t  t h e  h e i g h t  o f  t h e  s a m p l e .  H o w e v e r  when d e a l i n g  w i t h
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n a t u r a l  d e p o s i t s ,  i t  c an  be  e x p e c t e d  t h a t  t h e r e  w i l l  be  ran d om ,  
and i n  some c a s e s ,  s u b s t a n t i a l  v a r i a t i o n  i n  d e n s i t y  w i t h i n  t h e  
m a t e r i a l ,  ( J o h a n n s o n ,  1 96 5 ;  A r t h u r  1 9 6 5 ) .  The  e f f e c t  o f  such  
v a r i a t i o n  i n  d e n s i t y  on l o a d - d e f o r m a t i o n  r e s p o n s e  was  e x a m i n e d  
b y  A r t h u r  and P h i l l i p s  ( 1 9 7 5 ) .  S a m p l e s  w e r e  p r e p a r e d  and l o o s e  
l a y e r s  o f  v a r y i n g  t h i c k n e s s  w e r e  i n t r o d u c e d  i n t o  t h e  s p e c i m e n s .
T he  s t r e n g t h  o f  such  l a y e r e d  s p e c i m e n s  was f o u n d  t o  be  i n t e r -  
m e d i a t e  b e t w e e n  t h o s e  o f  l o o s e  and d e n s e  homogeneous  s a m p l e s .
A r t h u r  and P h i l l i p s  ( 1 9 7 5 )  o b s e r v e d  t h a t  t h e  s t r a i n s  i n  t h e  l o o s e  
l a y e r s  w e r e  e i t h e r  e q u a l  t o  o r  g r e a t e r  t h a n  t h o s e  o f  l o o s e  
hom ogeneous s a m p l e s .  When t h e  d i r e c t i o n  o f  f o r m a t i o n  o f  t h e  
s p e c i m e n  was  i n c l i n e d  t o  t h a t  o f  l o a d i n g ,  t h e  s e c a n t  m o d u l i  i n  
t h e  l o o s e  l a y e r  w e r e  a l w a y s  l o w e r  th a n  t h o s e  i n  l o o s e  hom ogeneous
s a m p l e s .  Ladd e t  a l  ( 1 9 7 7 )  o b s e r v e d  t h a t  t h e  manner  i n  w h i c h
h e t e r o g e n e i t y  a f f e c t s  d e f o r m a t i o n  c a n n o t  be  e a s i l y  a c c o u n t e d  
f o r  by  t h e  use  o f  a v e r a g e  d e n s i t y .
4 . 2 . 2 . 5  M o i s t u r e  C o n t e n t  and P o r o s i t y
The  e f f e c t  o f  t h e  m o i s t u r e  c o n t e n t  o f  a s o i l  upon i t s  
You ngs  Modu lus  has  b e e n  o b s e r v e d  by  B a rk an  ( 1 9 6 2 )  and Janbu ( 1 9 6 3 )  
who f o u n d  a n o n - l i n e a r  d e c r e a s e  i n  Y o u n g ' s  Modu lus  f o r  an 
i n c r e a s i n g  m o i s t u r e  c o n t e n t .  A s i m p l e  e x p r e s s i o n  r e l a t i n g  Youngs  
M odu lu s  t o  m o i s t u r e  c o n t e n t  was  p r o p o s e d  by  Barkan  ( 1 9 6 2 ) .
W 2
E ■ Eo 0  - i ? ) w0
w h e r e  EQ i s  Y o u n g ' s  M odu lu s  a t  m o i s t u r e  c o n t e n t  W0
E i s  " " " " " W
The  i n f l u e n c e  o f  p o r o s i t y  upon t h e  Y o u n g ' s  Modu lu s  o f  s a n d s  was  
r e p o r t e d  by  Janbu ( 1 9 6 3 ) .  He o b s e r v e d  a d e c r e a s i n g  Y o u n g ' s  M odu lu s  
w i t h  an i n c r e a s i n g  p o r o s i t y .  T h e s e  f i n d i n g s  c o n f l i c t  w i t h  t h o s e
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o f  B a rk a n  ( 1 9 6 2 )  who f o r  sands  o b s e r v e d  l i t t l e  v a r i a t i o n  i n  
Y o u n g ' s M o d u l u s  w i t h  p o r o s i t y .
4 . 3 SUMMARY AND CONCLUDING REMARKS
T he  d i s c u s s i o n  i n  t h e  p r e c e d i n g  s e c t i o n  h a v e  shown t h a t  t h e  
l o a d - d e f o r m a t i o n  r e s p o n s e  o f  a g r a n u l a r  s o i l  c a n  be i n f l u e n c e d  by 
a number  o f  f a c t o r s - t h e s e  i n c l u d e .
( i )  The  c o n s o l i d a t i o n  p r e s s u r e  and i t s  h i s t o r y  ( o v e r  c o n s o l i d a ­
t i o n  r a t i o ) .
( i i )  Th e  s h e a r  s t r e s s  l e v e l ,  i t s  h i s t o r y  and d i r e c t i o n .
( i i i )  T h e  s t r e s s  p a t h s  t h a t  a r e  f o l l o w e d  by  t h e  s t r e s s e s  d u r i n g  
l o a d i n g  and t h e  m a g n i t u d e s  o f  t h e  i n t e r m e d i a t e  p r i n c i p a l  s t r e s s e s .
( i v )  The  p r o p e r t i e s  o f  t h e  m a t e r i a l ,  i t s  s t r u c t u r e ,  s h a p e  and 
s i z e  a s  w e l l  a s  i t s  i n t e r n a l  c o m p o s i t i o n .
Each o f  t h e s e  f a c t o r s  a f f e c t  d e f o r m a t i o n  i n  a c o m p l e x  manner  
and t o g e t h e r ,  t h e y  make d e f o r m a t i o n  p r e d i c t i o n  v e r y  d i f f i c u l t .
T he  s u g g e s t i o n  has b e e n  made t h a t  s e t t l e m e n t  r e c o r d s  a r e  t a k e n  
su ch t h a t  r u l e s  can  be  m o d i f i e d  i n  t h e  l i g h t  o f  such  e x p e r i e n c e ,  
t h e  g r a n u l a r  d e p o s i t s  v a r y  f r o m  o n e  l o c a t i o n  t o  a n o t h e r  b o t h  i n  
t h e i r  g e o l o g i c a l  h i s t o r y  and m a t e r i a l  p r o p e r t i e s .  Thus i n  d e a l i n g  
w i t h  t h e  e s t i m a t i o n  o f  d e f o r m a t i o n  i n  g r a n u l a r  s o i l s ,  i t  i s  c o n s i d e r e d  
t h a t  p r o g r e s s  on a p e r m a n e n t  and l o n g  t e r m  b a s i s  w i l l  b e  made i f  
l a b o r a t o r y  t e c h n i q u e s  and t h e  e m p i r i c a l  m e t h o d s  a r e  u s ed  as an 
a i d  t o  e a c h  o t h e r .  Such s t u d i e s  w i l l  p r o v i d e  a b a s e  f o r  t h e  
d e v e l o p e m e n t  o f  m e a n i n g f u l  m o d i f i c a t i o n s ,  a n d ,  o r  c o r r e l a t i o n s  
and e v e n t u a l l y  a s s i s t  t h e  e n g i n e e r  t o  e n v o i v e  a b e t t e r  a p p r o a c h  
t o  t h e  p r o b l e m  o f  d e f o r m a t i o n  p r e d i c t i o n .  Th e  r e s t  o f  t h i s  w o r k  
was d e v e l o p e d  f r o m  t h e s e  i d e a s ,  and t h e  e f f e c t s  o f  ( i ) ,  ( i i )  and
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( i i i )  a b o v e  on t h e  M odu lus  o f  E l a s t i c i t y  and t h e  p e n e t r a t i o n  
r e s i s t a n c e  on s a m p l e s  o f  sand  h a v i n g  t h e  some p r o p e r t i e s ,  w e r e  
s t u d i e d  i n  d e t a i l .  T a b l e  4 .1  g i v e s  a summary o f  t h e  f a c t o r s  
i n f l u e n c i n g  t h e  d e f o r m a t i o n  o f  g r a n u l a r  s o i l  s t u d i e d  by  d i f f e r e n t  
r e s e a r c h e r s  w i t h  t h e  maximum e f f e c t  o f  e a c h  f a c t o r  on t h e  ( E s ) 
o f  t h e  san d  i f  a l l  o t h e r  f a c t o r s  r e m a i n  u n c h a n g e d .  As  i t  i s  
shown i n  t h e  c h a p t e r  e a c h  r e s e a r c h e r  has u s e d  a d i f f e r e n t  t y p e  o f  
sand and d i f f e r e n t  d e n s i t i e s .  Some o f  them w o r k e d  on d r y  s a n d ,  
o t h e r s  on s a t u r a t e d  g r a n u l a r  s o i l .  H o w e v e r  M a k h l o u f  and S t e w a r t
( 1 9 6 5 )  showed t h a t  on  d r y  u n i f o r m  sand Es o n l y  i n c r e a s e d  by  
30% f r o m  t h e  l o o s e s t  t o  a l m o s t  t h e  d e n s e s t  s t a t e  and a l s o  p r o v e d  
t h a t  Es i s  n o t  a f u n c t i o n  o f  t h e  maximum p r i n c i p a l  s t r e s s  as  some 
r e s e a r c h e r s  h a v e  s u g g e s t e d  b u t  i t  i s  a f u n c t i o n  o f  c o n f i n i n g  
p r e s s u r e .  T h e y  i n d i c a t e d  t h a t  Es c o r r e s p o n d i n g  t o  v a l u e s  o f  
d e v i a t o r  s t r e s s  g r e a t e r  t h a n  t h o s e  w h i c h  h a v e  been  c y c l e d  has 
b e e n  u n a f f e c t e d  by  t h e  p r e v i o u s  c y c l i n g  and a l s o  t h e y  c o n f i r m e d  
t h e  w o r k  o f  o t h e r  r e s e a r c h e r s  by  c o n c l u d i n g  t h a t  t h e  am ou nt  o f  t h e  
i n e l a s t i c  d e f o r m a t i o n  a t  a g i v e n  v a l u e  o f  d e v i a t o r  s t r e s s  i s  l e s s  
f o r  h i g h e r  l a t e r a l  p r e s s u r e ,  o r  i n  o t h e r  w o rd s  Es d e c r e a s e s  as  
t h e  v a l u e  o f  K i n c r e a s e s  ( w h e r e  K -  g h 1) .  L ad e  and Duncan
av 1
( 1 9 7 6 )  c om p a r e d  t h e  s t r e s s - s t r a i n  c u r v e s  f o r  t h e  m e a s u r e d  v a l u e s  
and t h o s e  c a l c u l a t e d  f r o m  t h e i r  e l a s t o  p l a s t i c  t h e o r y .  T h e y  
a c k n o w l e d g e d  t h a t  t h e  t h e o r y  a g r e e d  w i t h  t h e  s i m p l e  s t r e s s  p a t h  
( n o r m a l l y  c o n s o l i d a t e d  s a n d )  and d i d  n o t  t i e  w i t h  t h e  m a g n i t u d e  
f r o m  t h e  c a s e s  o f  p r o p o t i o n a l  l o a d i n g  w i t h  i n c r e a s i n g  s t r e s s  
m a g n i t u d e s  and u n l o a d i n g  and r e l o a d i n g  a t  c o n s t a n t  c ^ '  f o r  w h i c h  
t h e i r  t h e o r y  p r e d i c t s  o n l y  e l a s t i c  d e f o r m a t i o n  as  shown i n  
F i g .  4 . 3 3 .  L a m b r e c h t s  and L e o n a r d  ( 1 9 7 8 )  a p p l i e d  an i n c r e m e n t  
o f  e f f e c t i v e  v e r t i c a l  p r e s s u r e  o f  A a v ' = 20 KPa,  A = 0 t o  
n o r m a l l y  c o n s o l i d a t e d  and o v e r c o n s o l i d a t e d  s a m p l e  a t  t h e  same
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s t r e s s  l e v e l  w i t h  an o v e r c o n s o l i d a t i o n  r a t i o  o f  2 .  The  t e s t . r e s u l t s  
show t h a t  Es i n c r e a s e d  by  t e n  t i m e s  f r o m  n o r m a l l y  c o n s o l i d a t e d  
t o  p r e s t r e s s e d  s a m p l e .  T h e y  c o n c l u d e d  t h a t  t h e i r  r e s u l t s  a r e  
n o t  m o d e l l e d  by  t h e  e l a s t o p l a s t i c  t h e o r y  by  Lade  and Duncan
( 1 9 7 5 )  w h i c h  p r e d i c t  t h a t  b o t h  g r o u p s  o f  s a m p l e s  w o u ld  d e f o r m  
i d e n t i c a l l y  b e c a u s e  t h e  s t r e s s  l e v e l  n e v e r  e x c e e d e d  t h e  v a l u e  
t h a t  e x i s t e d  i m m e d i a t e l y  b e f o r e  t h e  a p p l i c a t i o n  o f  t h e  f i r s t  
i n c r e m e n t  o f  Aa v ‘ .
TABLE 4.1 FACTORS INFLUENCING THE DEFORMATION OF GRANULAR SOIL
in
THE FACTORS MECHANISM INFLUENCE MAXIMUM EFFECT (all other factors being unchanged)
MATERIAL DEP­
ENDENT FACTORS
Void Ratio Loose sand deforms by interpart.slid­ing, dense soils deform by particle deformation
Deformation increases with increasing void ratio
1J-3J times
Average Particle size (D50)
more particles per 
unit volume have more contacts per unit volume, giving greater inter­particle sliding
Deformation 
increases with decreasing average particle size
Coefficient of uniformity
C = M  u D10
uniform soils have higher void ratio than well- graded soil
Deformation increasing with decreasing C.U. 1.5
Particleangularity
Angular particles generate more compression by local yeilding of interparticle contacts
Deformation increases with increasing particles angularity
7-14
Composition yielding of inter­particle contacts depends on grain properties
Deformation increases with decreasing mineral strength
Cementation Interparticle Deformation prob. verysliding is decrease as • largeprevented cementing takes place
Relative
Density
different soil 
at the same relative density are not equally compressible
Depends on Dg0 and 1.3-10
STRESS DEPENDENT 
FACTORS
average stress 
level increasing effective stress level restrict interparticle slidingor friction increases
Deformation under constant ah'/ov' is proportional to l//ov‘
Shear stress level shear stress increases inter­particle sliding
Deformations accelerate as 
ov' approaches afp-
(ov7oh')f
prob. very large
Prestressing strain hardening expands the yield surface
Deformation may be decreased tenfold by prestressing 14
Stress path component of inter­particle sliding and particle deformation are stress-path dependent
Deformation is significantly stress-path dependent
ageing not known Deformation under subsequent loading is reduced by aneinq under stress
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Fig. 4 9 Stress path criterion for mode of deformation (from 
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Fig. 4 -11 The effect of shear stress upon Youngs Modulus
for a normally consolidated sand ( after Jakobson, 
1957)
De
vi
at
or
 
st
re
ss
 
k
N
/
m
123
0 005 0-1 0-15 0*2
Strain %
Fig. 4-12 Influence upon E of the lower limit of a constant 
range of deviator stress ( from Makhlouf and 
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Fig. 4*21 Influence of age of consolidation on stress ratio causing 
initial liquefaction (data from Seed, 1976)
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Fig. 4-22 The effect of the age of consolidation on stress strain 
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Fig. 4 25 Initial tangent modulus versus confining pressure 
for plane strain and triaxial compression tests 
on Antioch Sand ( Lee, 1970)
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Material Coefficient of Angularity
Glass beads 1 -16
Ottawa sand 1 *24
Southport sand 1 -55
Olivine sand 1 -64
Coefficient of angularity is the ratio of the 
measured specific surface of particle to the 
surface of sphere having the same size of 
the particle
Relative density , Dr, %
Fig. 4'26 Effect of particle shape on axial strain at 
failure ( Holubec and D'Appolonia, 1972)
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Fig. 4-27 Influence of internal composition of particle on axial
volumetric strains at failure (Data from Koerner, 1968)
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Fig. 4-28 Influence of coefficient of uniformity, cu,on axial
and volumetric strains at failure C after Koerner, 1968)
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Fig.4-29 Influence of d 10 on axial and volumetric strains 
at failure C after Koerner, 1968)
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Fig. 4*31 The variation of initial tangent modulus with
relative density ( after Domaschuk and W a d e  1969)
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Fig. 4-32 The influence of direction of sample deposition 
on secant modulus E50 Cat o 3= 1 0 0 k N / m 2) 
Cafter Oda , 1972 a )
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Fig. 4-33 Schematic of Elastic and Plastic strain components
in triaxial compression test as a basis of elastoplastic 
theory (after Lade and Duncan 1975)
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CHAPTER 5
THE COEFFECIENT OF EARTH PRESSURE AT REST K,
5.1 DEFINITIONS OF KQ
The ratio  between the horizontal and vertica l effective stresse s 
in horizontal strata  consolidated without lateral deformation is  
called the coeffic ient of earth pressure at rest and is  denoted by 
the symbol KQ. As many natural s o i ls  are deposited in almost 
horizontal layers of considerable lateral extent, the consolidation 
which takes place due to the weight of the succeeding strata occur 
under conditions of approximately zero lateral y ie ld , or in other 
words follow a KQ stre ss path.
where ,, _ CTh ' .........  (eq. 5 .1 )
,xo “ ay1
and W ' is  effective  vertica l stre ss
ah ‘ is  effective  horizontal stre ss
In general where stationary or flowing ground water existed, 
the corresponding pore water pressure (u) w ill be controlled by the 
position  of the steady ground water or by the relevant so il 
properties and bondary conditions fo r the flowing water. The total 
vertica l stre ss ah are then obtained as:
aV = crv ' + u   (eq. 5.2)
ah = KQ W  + u   (eq. 5.3)
and hence
= K0 oy + (i - K0) u   (eq. 5.4)
I t  can be shown that Kq is  a function of Po isson 's  ra tio  v ( i f  
the granular so il  behaves as an ideal e la st ic  material) and would 
be a constant fo r a given m aterial:
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K0 = —  —    (eq. 5.5)
1 -  V
I t  is  found experimentally that K0 on f i r s t  loading is  
constant over a wide range of stre ss,  although the stre ss- 
stra in  curves of so il depart from an ideal e la st ic  material.
On unloading and reloading, hysteresis is  evident as w ill be 
shown from the experimental re su lts,  la te r in th is chapter.
Variations during so il deposition can a r ise , for example any 
tectonic movement w ill affect the latera l stresses w ithin the 
so il  mass.
S .2 PARAMETERS WHICH INFLUENCE K0 IN-SITU IN GRANULAR SOILS
Due to the complex dependence of K0 , on d iffe rent parameters 
(e.g. porosity, p la s t ic it y  index, over-consolidation ratio  ...e tc ). 
Terzaghi (1917) concluded that the value of K0 was not determinate 
by mathematical formulation.
5.2.1 Stress H istory
In nature there are three simple types of stre ss states 
which re su lt from stre ss h isto ry  and may be expressed in terms 
of consolidation. These types are "normally consolidated young", 
"normally consolidated aged" and "over consolidated" so i ls  (Bjerrum 
1973). Many researchers (Kjellmann, 1936; Bishop, 1950, 1958), 
Fraser, 1957 ; Saglamer, 1975; Abdelhamid and Krizek* 1976; Sutton, 
1979), have investigated the nature of K0 in granular s o i l.  A 
typical re lationsh ip  between the vertica l and horizontal e ffective  
stre ss  during loading and unloading of normally consolidated 
R ipley Sand is  shown in  Fig. 5.1. Upon loading the re lationsh ip  
i s  linear, whileon unloading the change in  horizontal effective
1 4 7
stre ss  lags behind the change in vertica l effective stre ss. The 
shape of the hysteresis curve during unloading varies with the 
d iffe ren t experimental methods followed when performing KQ tests 
in  the laboratory, and for d iffe ren t types of granular so il used. 
Typical values of K0 for normally consolidated sands are shown 
in Table 5.1. The re lationsh ip  between the vertica l and horizontal 
e ffective  stre ss during a reloading cycle on Ripley Sand is  presented 
in  F ig . 5.2, where d iffe rent loading paths are experienced until 
the v irg in  loading stre ss path is  crossed at some stress below 
the previous maximum vertica l e ffective  stre ss.
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TABLE 5.1 TYPICAL VALUES OF KQ (SANDS)
So il Type Ko
0
r n%
1 Loose Sand (saturated) 0.46 34
2 Dense Sand (saturated) 0.36 39
3 Sand 0.37 38.2 -
4 Sand 0.42 37.0 -
5 Sand 0.48 35.5 -
6 Sand 0.54 33.0 “
7 Minnesota Sand 0.33 35.5 32
8 u ii 0.35 31.5 35.1
9 ii H 0.41 27.0 38.3
10 ii ii 0.48 18 43.5
11 Pennsylvania Sand 0.43 34.5 40.1
12 n ii 0.56 27.0 40.6
13 Sangaman Sand 0.40 37.0 39.0
14 n n 0.46 29.5 45.1
15 Wabash Sand 0.39 38.5 34.2
16 Wabash Sand 0.44 32.0 40.5
17 Glass B a llo t in i 0.50 17.0 41.1
18 S ilv e r  Sand 0.43 27.0 41.1
19 Crushed feldspar 0.43 36.0 49.5
20 Copper partic le s 0.44 ■“ 43.9
21 Ripley Sand 0.41 38.0 40.0
22 Leighton Buzzard (fine  uniform) 0.525 37.0 47.0
23 ii n 0.537 38.0 46.4
24 it n 0.479 39.0 46.0
25 ii ii 0.490 40.0 45.7
26 ii ii 0.478 40.5 44.2
27 H a 0.465 41.0 43.8
28 ii ii 0.439 42.0 42.4
Reference 
Bishop (1958)u
Simons (1958)
m
ii
n
Schmidt (1967)
ii
i
n
ii
it
it
i
ii
ii
Andrawes & 
Al-Sohby 
(1973)n
Sutton (1979) 
Dikran (1983)It
I
I
I
I
II
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For normally consolidated sand the general behaviour is  a 
decrease in the value of K0 fo r an increase in <j>' . The effect 
of (j)' upon K0 has been studied by many investigators and the 
re lationsh ip  for sands is  presented in F ig . 5.3, where the data 
have been taken by Sutton (1979) from the studies of Bishop and 
El din (1953). The amount the value of K0 increases fo r the low 
values of the angle of shearing resistance is  more s ig n if ic a n t  
fo r high over-consolidation ra t io s. Saglamer (1975) observed 
on reloading sand specimens the value of K0 was lower than the 
f i r s t  loading but the overall trend of K0 with respect to <[>' was 
s im ila r to that fo r normally consolidated sands.
Many empirical re la tionsh ip s re lating  KQ to the angle of 
shearing resistance (j)' have been derived by d iffe rent authors.
For normally consolidated sand Jaky (1944) derived a re lationsh ip  
as follows:
K » (I + 1  s in  $ ')  (1 - s in  <j>‘)   (eq, 5 .
(1 + s in  (J)')
There have been many approximations prepared to replace 
Jaky 's  o rig ina l expression such as
5 . 2 . 2  Angle o f  Shearing Resistance (fr1
Fraser
De Wet (1962) Kq = 1 - s in 2<t>'
1 + 2  s in 2 ij)
Brooker and Ireland (1965) KQ = 0.95 - s in  <j>
(1957) . Kq = 0.9 (1 - s in  <j>') ... (eq. 5.7) 
... (eq. 5.8) 
... (eq. 5.9)
Siedeck
K
0.75 (1 - s in  (f)1) + 0.25 ... (eq. 5.10) 
(1 + s in  <j>‘ )o
The most used equation is  a further expression 
proposed by Jaky (1948) K0 = 1 - s in  <j>' . . .  (eq .  5 . 1 1 )
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Hendron (1963) derived another equation based on the idealised 
packing of spheres as follows:
1 + _ 3/6 s in  <f>‘
8 8
K = ------------------------------  x l    (eq. 5.12)
1 + /j> + 3/6 s in  (j)‘ 2
8 8
which sim plified  to
K = M ? _ U l L i l .    (eq- 5-13)
0 1.42 + sin  4>'
However Brooker and Ireland (1965) suggested that the ir 
approximation was better fo r clays and Jaky 's equation was more 
su itab le  for sand. Daramola (1978) compared equations 5.11 and 
5.12 with data fo r Ham River sand as shown in Fig. 5.4. The 
experimental values of KQ are much higher than that given by 
Hendron's re lationsh ip  (eq. 5.12) and a l i t t l e  higher than Jaky 's  
empirical values (by about 15 per cent and 5 per cent in the loose 
and dense states respectively) but he found that the empirical 
re lationsh ip s and the experimental re su lts give sim ila r trends. 
Andrawes and El-Sohby (1973) have speculated that KQ may not be a 
function of <j>‘ . I t  may be noted that Daramola used a latqral stra in  
gauge designed and manufactured in the so il mechanics laboratory at 
Imperial College. The detail of th is  gauge w ill be explained la te r 
in th is chapter.
5.2.3 Pore Water Pressure
Using the de fin it ion  of Kq in terms of the effective  stre ss , 
i t  may be seen that an assumed value of pore water pressure affects 
the deduced value of KQ. Rearranged, equation 5.4 becomes
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K = ! + HO)— ..M  ....  (eq. 5.14)
0 (av “ u)
I f  the pore water pressure (u) i s  not known accurately i t  may 
affect s ig n if ic a n t ly  the computed value of K0 . In the f ie ld  the 
so il  may be subjected to seasonal or other variations in the 
ground water table, d ire c tly  a ffect the pore water pressure, 
which in terms affect the in - s itu  value of K0 (Parry 1968), there­
fore i f  K0 value has to be determined from total stress measure­
ments in the f ie ld ,  the incorrect assuptions of u w ill lead to 
various d iffe rent calculated values of K0 .
5.2.4 Other Factors A ffecting The Value of K0
The variation  of K0 with density for normally consolidated 
sand was observed by Hsu-Chi-In  (1958). An increase in density 
was found to decrease the value of K0 , an effect which was also 
observed by Andrawes and El-Sohby (1973) for normally consolidated 
s i lv e r  sand and Dikran (1983) for f ine  uniform Leighton Buzzard 
sand. Schmidt (1967) observed the increase in the value of K0 
due to the increase of the in i t ia l  porosity  of the sand.
Experiments analysing the e ffect of the partic le  shape, partic le  
texture, and hardness were performed by Andrawes and El-Sohby 
(1973), The precise mechanism by which these factors affect 
the value of KQ has yet to be determined.
5.3 EXPERIMENTAL DETERMINATION OF K0
Data on the value of KQ should be available from f ie ld  
measurements and laboratory tests in which f ie ld  conditions are 
simulated. However, d irect measurements in natural strata involve 
a lo t  of disturbance of the s o i l ,  and hence laboratory tests
5.3.1 Laboratory Methods For Determining The Value of K0
In the laboratory three main methods for determining K0 
are known: (1) D irect methods which involve the use of specia lised  
instruments which re stra in  or p a rt ia lly  restra in  the specimen from 
deforming la te ra lly  at a ll times (e.g. an instrumented Rowe c e ll) .  
(2) Those which permit a small lateral deformation which can be 
observed and corrected fo r (e.g. tr ia x ia l c e ll,  Bishop and Henkel 
1957), and (3) Ind irect methods which use more conventional 
apparatus combined with testing techniques.
A ll methods ensure that the sample can compress v e r t ic a lly  
with no lateral deformation at boundaries which should not apply 
vertical shear forces.
5.3.1.1 Old Methods For Determining K0 in The Laboratory
Terzaghi (1920) designed the f i r s t  apparatus to evaluate 
K0. I t  consisted of a sq u a re ,*st iff  steel frame. One in side  face 
was provided with three horizontal steel tapes. Both outer tapes 
were fixed, acting as guides fo r a movable inner tape. The horizontal 
force required to move the inner tape was supplied by a dead-weight 
system connected to the tape by a cord. The opposite end of the 
inner tape was connected to a simple lever system which amplified 
any movement of the tape. A simple loading frame within the square 
frame supplied the vertica l consolidation pressure. The method 
of testing was to place a te st specimen of so il into the frame, 
separating the specimen and tapes with graphite paper which 
prevented the tapes from st ick in g . The specimen was then consolidated 
in the normal way. Weights were then added until the tape ju st
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remain the main source o f  in fo rm at io n  on K0 co n d i t io n s .
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moved as indicated by the lever arm system, and the fina l weight 
noted. By performing the test with the tapes in a perpendicular 
d irection , the value o f KQ was computed from the known weights 
and the coe ffic ien t of f r ic t io n  of the tapes.
Gersevanoff (1936) modified a type of oedometer to measure 
Kq . The major difference between h is device and a conventional 
oedometer is  that the sample is  restrained la te ra lly  by water.
I t  was thus possib le  to measure the latera l stre ss on the sample 
and prevent the specimen from undergoing latera l stra in . I t  was 
assumed that the water was incompressible. The method was implemented, 
by applying a load increment v e rt ic a lly  and recording the horizontal 
pressure in the water, the volume of which kept constant during the 
test. Kjellman (1936) designed the f i r s t  cubical tr ia x ia l machine 
which could ensure no latera l s tra in  and no vertica l shear. The 
principal normal stresse s were applied by water tanks connected 
through lever systems and plungers; A d ia l gauge, which measured 
the movement of the plunger in  the horizontal d irection  was connected 
to the test specimens. The load was applied in the vertica l d irection  
until the horizontal plunger moved. To return the d ia l gauge to 
i t s  in it ia l  reading the horizontal pressures were then increased.
This process was then repeated for each increment.
5.3.1.2 Method By Bishop (1950)
Bishop (1950) suggested that the requirements for KQ tests 
can be met by using the ordinary t r ia x ia l machine. He made use of 
the fact that i f  the volume of water d issipated from the test 
specimen in the tr ia x ia l apparatus during the axial loading or 
unloading is  equal to the in it ia l  cross section of the sample
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m ultip lied by the change in length then there is  no lateral stra in . 
Bishop (1950) ran the test with the necessary adjustment fo r the 
accurate measurement of both vertica l and horizontal stre ss to 
maintain the condition mentioned above throughout the test. To 
ensure that the horizontal stra in  i s  zero at a ll points w ithin 
the specimen, the sample should be made homogeneous with respect 
to it s  stre ss -stra in  c h a ra c te r is t ic s , and the pore pressure must 
be uniform throughout the specimen. To meet these requirements 
careful control during sample preperation should be practised 
and drainage must be allowed in f u l ly  saturated so il to permit 
the volume change necessary fo r the effective  stress to increase 
under zero lateral deformation. This can be done by running 
the test at a steady and very low rate of loading.
5.3.1.3 Bishop and Henkel (1957)
The most popular method fo r determining K0 up to-date 
is  that followed by Bishop and Henkel (1957). The apparatus 
necessary to run a test is  an ordinary t r ia x ia l c e ll,  with back 
pressure and ce ll pressure systems. To indicate the changes in 
diameter at the mid-height of the sample, a simple lateral stra in
ca lipe r was used. The ca liper is  a device which is  attached to
a sample at mid-section around the diameter, such that any 
departure from the in it ia l  diameter pushes a f le x ib le  diaphram 
reta in ing mercury, connected to a small transparent tube. Changes 
in  diameter as small as 7.5 micron can be indicated fo r a 100 mm 
diameter sample. The method of operation fo r the K0 test is  to 
in se rt  a specimen having an '. in it ia l height of about twice it s  
diameter into the t r ia x ia l c e ll,  f i t  the ca liper and prepare 
fo r  a drained test. The rate of deformation must minimise bu ild -
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up of excess pore water pressure. Id ea lly  the rate of pore pressure 
d iss ip a tion  should equal to the rate of pore pressure generation.
By increasing the deviator stre ss , the diameter is  increased.
This change in diameter i s  then corrected for by adjusting the ce ll 
pressure. The magnitude of the axia l stre ss  can be calculated 
from the force applied to the loading ram. Friction  on the side 
of the ram is  negligable, and the shear stresses on the surface of 
the platens are also negligable. For tests which can be completed 
w ithin a day manual control of the ce ll pressure is  used. For 
slower tests an e lectric  c irc u it  contro lling  a servo-mechanism 
has been used. The c irc u it  i s  closed by the change in the mercury 
level in the ca liper. Knowing the applied vertica l and horizontal 
stresse s and pore water pressure,K0 can be computed. Typical 
values of K0 fo r normally consolidated sand in it s  loose and 
dense condition using th is  method by Bishop and Henkel are 
shown in Table 5.1. Dikran (1983) used the same method in find ing 
the values of K0 fo r Leighton Buzzard fine  uniform sand for d iffe ren t 
void ra t io s. The re su lts are shown a lso  in Table 5.1 and one of 
the curves p lotting the re la tion sh ip  between the vertica l and 
horizontal effective  stre ss on the same sand during loading and 
unloading is  presented in F ig . 5.5.
5.3.1.4 Using T riax ia l Cell With Loading Ram And Sample Diameter The Same
A special t r ia x ia l ce ll made up of thick brass to f a c il it a te  
find ing the value of K0 was developed by Davis and Poulos (1963).
The idea of operation of th is  ce ll was taken from Gersevanoff (1936).
An increment of vertica l load was applied on the sample through a 
loading ram having a diameter equivelent to the diameter of the 
sample i t s e lf .  As the volume of the ram plus the volume of the 
sample was constant, the ce ll pressure increased to prevent the
1 5 6
test specimen from deforming la te ra lly .  The condition of no latera l 
deformation was imposed at a ll times. When the excess pore water 
pressure generated during the test had dissipated by drainage, the 
vertica l and horizontal effective stre ss were used to find the value 
Of Kq.
Campanella and Vaid (1972) developed a device using the 
same p rinc ipa l. Tests performed on specimens of kaolin gave 
consistent re su lts of K0 which was approximately 0.51.
5.3.1.5 Stra in  Gauges Fitted Outside The Oedometer Ring
A further development of the Oedometer for measuring 
K0 was used by Som (1970).
Stra in  gauges were f itte d  outside a conventional brass ring 
of an ordinary Oedometer, to measure the lateral stre ss. The 
stra in  gauges on the Oedometer ring were calibrated with water 
pressure applied by a standard dead-weight ca lib rator. The 
load was applied by an ordinary loading platen and a Bishop 
type Oedometer press. An increment of vertica l load was applied 
on the sample to consolidate the sample. After a specified time 
period when no vertica l deformation was observed, the values of 
vertica l and horizontal e ffective  stre ss were recorded to evaluate 
Kq . The same idea has been used at the Un iversity  of Surrey by 
f ix in g  stra in  gauges on the side of a Rowe ce ll.  Calibrated by 
water pressure, the vertical pressure is  applied and horizontal 
stre ss recorded while the sample is  drain ing.
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5.3.1.6 Method Using D ifferent Stress Paths To Find KQ
As KQ is  a stre ss path it s e l f ,  Andrawes and El-Sohby 
(1973) followed a technique which involves the use of d iffe rent 
stre ss paths to determine KQ. A t r ia x ia l ce ll capable of apply­
ing stre ss  paths of constant s t re ss - ra t io s  was used, with two 
identica l so il specimens. A d iffe ren t stre ss ratio  was applied by 
the t r ia x ia l apparatus to each specimen. One stress ra tio  was 
selected to allow the sample to contract la te ra lly ,  and the other 
stre ss ra tio  to le t  the sample expand la te ra lly .  The axial and 
radial deformations were monitored on each test. The re la t ion ­
ship between radial and axia l s tra in  was then plotted on the same 
graph and K0 computed by interpolation  of the stress ra tio  for zero 
latera l stra in .
Results of KQ on several granular materials are shown 
on Table 5.1 using th is  technique.
5.3.1.7 The Imperial College Lateral Stra in  Gauge
Daramola (1978) used a latera l s tra in  gauge designed and 
manufactured in the s o i ls  laboratory at Imperial College to control 
the lateral deformation of the specimen inside  a conventional 
tr ia x ia l apparatus. The gauge as Daramola explained i t  in h is 
thesis is  as follows.
"The gauge consisted of a th in  sta in le ss steel plate on 
which stra in s  gauges were mounted. Each end of the plate was 
connected to an "L " shaped cantilever such that the plate and 
the figures formed a le tte r 'u 1. The distance between the two 
arms of the 'IT* was about f ive  centimeters. Tapped holes were 
provided on the arms such that screws could be put in them. By
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su itab le  adjustment of these screws i t  was possib le  to make the 
distance between the points of the screw exactly equal to the 
diameter of the sample. When the arm of the gauge were pulled 
apart or towards each other, the plate was bent. This gave a 
linea r re lation sh ip  between the output of the stra in  gauges 
attached to the plate and the change in the distance between the 
screws'l Before running a KQ test the arms were calibrated for 
extension and compression, which showed that the response of the 
gauge was 1 inear over a 2 mm range, and the average se n s it iv ity  of
o
the gauge was 1.175 x 10 mm. The ca lib ra tion  was checked for 
about 15 days which showed that the average response characte rist ic s 
were unchanged, Kq values on Ham River Sand are plotted on 
Fig. 5.4 w ith in it ia l void ra tio , are found using the gauge explained 
above. This method is  d if f ic u lt  to use unless the ce ll water is  
replaced by a ir ,  because of the problems of sealing the stra in  
gauges. The use of a ir  as a ce ll f lu id  presents a safety hazard, 
and is  therefore not l ik e ly  to be acceptable i f  conventional 
p'erspex ce ll walls are to be used.
5.3.1.8 Using An Automatically Controlled T riax ia l Cell
As the manual control of a K0 consolidation test in  the 
tr ia x ia l ce ll using v isua l lateral stra in  ind icators is  very 
t ir in g  and can be m isleading, because i t  re lie s  on the judgement 
of the operator, many attempts have been made to automate th is . 
control. Electronic, measurements of rad ial stra in  of the t r ia x ia l 
specimen have been made by using various stra in  devices (Brown 
and Smith 1974; El-Ruwayih 1976; Boyce and Brown 1976; Menzies.
1976 b) Menzies et al (.1977) controlled the changes in test specimen diameter 
using a linear variab le  displacement transducer (L.V.D.T.) which was fixed to
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a Bishop c a lip e r>(Menzies 1976 b). The ca liper is  a c ircu la r  lever 
which is  fixed around the test specimen. Any deformation occurring 
along the specimen diameter is  detected and enlarged by the ca lipe r 
and measured by the (L.V.D.T.) situated at the end of the ca liper. 
They linked i t  to a process contro lle r which operated a servo 
mechanism of thecell pressure-, and could be controlled by a signal 
from any e lectrica l transducer. The system consisted of three 
control loops contro lling  the deviator load, ce ll pressure and 
back pressure. A desk computer controlled the deviator load 
d irectly . The cell pressure and back pressure were controlled 
independently of the computer. When a ll the control loops were 
stable the computer took the data, changed the deviator load, 
fixed the back pressure control the cell pressure for KQ condi­
tion and the process began again until the required stresses were 
exceeded.
Menzies (1979) introduced an automatic system which can 
control some of the so il testing including KQ. The basic unit 
is  a micro-processer controlled water servo-mechanism, which can 
generate, log, and measure pressure and volume change. The 
Geotechnical D ig ita l Systems Ltd. (GDS) tr ia x ia l testing system 
consists of three parts: a desk computer to control the tests 
and recording the test data, three contro llers to supply the 
required pressures and volume changes under computer or manual 
control, and the Bishop-Wesley t r ia x ia l ce ll to apply pressure 
to the specimen. As explained in the GDS u se r 's  handbook the 
K0 consolidation and swelling of the test specimens at zero 
latera l stra in  can be carried out by keeping the "computed mean 
diameter of the specimen to ± 1 y m". To acheive th is  the 
algorithm meeded to control the Kq test (and supplied by the 
manufacturers) is  to set the lower chamber pressure and volume
160
change, then to adjust the cell pressure to cause the volume change in 
the specimen to keep the calculated diameter of the specimen constant.
A ll measurements are made remote from the specimen. The diameter of the 
specimen i s  deduced from measurement of volume change in the lower pressure 
contro lle rs and the back pressure contro lle r. The rate of testing should 
be chosen by the operator and must not be too fa st fo r the permeability of 
the te st specimens. The GDS algorithm was tried  to find KQ of a sand sample 
fo r the purpose of th is  research. A further algorithm was developed and the 
results-proved to be more sa tisfactory . The algorithm and the procedure 
followed fo r KQ testing using the GDS system w ill be explained in detail in  
Chapter 6 .
5.3.2 F ie ld  Methods of Evaluating Ko
F ie ld  testing devices fo r estimating K0 have been developed 
over the past 15 years. The aim in designing a f ie ld  instrument 
i s  to find  parameters and stresses which would e x ist  at a point i f  
the instrument were not present. C learly  compromises have to be 
made when designing such instruments, because the disturbance in 
the so il cannot be avoided during the in stu la tion  of the instrument.
Some instruments measure total stresses and pore water pressure 
separately (Baguelin et a l, 1972); other methods use instruments 
which are capable of measuring both total stre ss and pore water 
pressure simultaneously (Kenney, 1967; Wroth and Hughes, 1973).
To act as one part of the ground the e la s t ic ity  of any in  s itu  
instrument must equal that of the s o i l .  I t  is  impossible to 
make an instrument to meet such requirements as the e la s t ic ity  
varies fo r each type of so il and in the so il  mass i t s e lf .  The 
size  of the instrument has a big affect on the disturbance of 
the s o i l .  The smaller the- instrument the le ss  the disturbance 
produced upon in sta lla t io n  into the s o i l .  The instruments should
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be made to re s is t  a ll the affects which cause any damage during 
and after in sta lla t io n  including, water, chemical and b io log ica l.
5.3.2.1 Using Pressuremeters
A pressuremeter consists of a cy lind rica l membrane which 
is  inserted into a borehole and a pressure volumeter situated on 
the ground surface. By applying pressure through the volumeter 
to the membrane, i t  expands, inducing a pressure and pushing the 
surrounding so i l.  From the pressure and volume change measure- 
ments, the lateral stre ss can be estimated,hence the value of l<0 
can be evaluated (Menard, 1957).
F ig . 5.6 from El-Sohbyand Andrawes (1961) shows a schematic 
diagram of the pressuremeter developed by Menard (1957). To use 
the pressuremeter, the probe is  inserted inside a borehole of 
s l ig h t ly  larger diameter than i t s e lf .  Two guard c e lls  on the 
sides of the measuring ce ll are in fla ted  to prevent the membrane 
from moving and the borehole from sw elling. The test is  started 
by ra is in g  the pressure and recording the corresponding volumetric 
changes. From measurements of pressure and volume change the 
latera l pressure can be deduced, hence the value of K0 can be 
evaluated. The disturbance in side  the borehole before in serting  
the probe is  the major source of error and can be reduced by pouring 
water and bentonite s lu rr ie s  in side  the borehole during d r i l l in g  
and in sertion  of the probe.
Se lf-boring pressuremeters are availab le  which d r i l l  the ir 
own boreholes during the jacking of the device into the ground 
(Baguelin et a l , 1973), therefore reducing the so il disturbance. 
These give a better guide to in - s itu  latera l pressures.
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A special se lf-boring device which measures the total stre ss 
and pore water pressure at a point is  the Cambridge Ko meter or 
Camkometer (Wroth and Hughes, 1973; Windle and Wroth, 1977)
F ig. 5 .7 . It  consists of a long thick walled tube which i s  jacked 
slow ly into the ground. The so il is  d r ille d  by an internal cutter 
rotating w ithin the cutting head. The so il is  washed up by a 
c ircu la t ing  water. Two pieces of apparatus are incorporated on 
the outside of the tube: a load ce ll,  and a pore.water pressure 
transducer. Knowing the lateral stre ss, pore water pressure and the 
overburden pressure of a certain point in  the ground K0 can be 
computed. However the data from the Camkometer is  automatically 
logged on s ite  with the aid of desk micro computer and stored on 
a floppy magnetic d isc. The an ly sis  of the tests which include 
1<0 and other in s itu  tests are a lso  carried out using the micro­
computer.
5.4 SUMMARY AND CONCLUDING REMARKS
The K0 value is  important for many geotechnical problems, 
so that i t  must be found accurately. For normally consolidated 
sand K0 can be re la t ive ly  well evaluated by using the angle of 
shearing resistance. For over consolidated granular s o i ls  
however <£' cannot be used for estimating K0 . As s o i ls  
are not e la st ic  materials the value of Ko is  indeterminate 
mathematically because the analyses are based on the theory of 
e la s t ic ity .  - In  the laboratory errors may occur from the instruments 
which re stra in  the specimens from deforming la te ra lly  as they
5 . 3 . 2 . 2  The Camkometer
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introduce vertical, shear stress and non uniform loading through­
out the te st specimen depth caused by the side f r ic t io n  of the 
re stra in ing  components. The type of te st which allows a lateral 
deformation may permit an amount of stra in  which effect the value 
of K0 . This can be caused by the te st operator in  the case of 
manual instruments or the electronic system and the computer 
programme in the case of automatic control systems. However 
great e ffo rts are made trying to minimise th is  latera l deformation 
and a new technique w ill be explained b r ie f ly  in Chaper 6 and 7. 
Ind irect techniques have errors from the testing procedures and 
the interpretation  of test data. Any test re su lts re ly ing  on 
the pressure taken d ire c tly  from the water around the test 
specimen or correcting i t s  diameter from the volume change of 
the water in  the ce ll can give errors due to the change in 
temperature, a ir  contents in the water and the com pressib ility  
of the water i t s e lf .  Values of K0 from d iffe ren t types of test 
on the same sand with the same density w ill be shown la te r in 
th is  the sis. The f ie ld  testing techniques fo r find ing KQ have 
eliminated the problem of disturbance of so il by sampling; they 
have replaced th is  problem with one of putting the equipment into 
the ground without d isturb ing the sorrounding s o i l .  At present 
se lf-bo ring  pressuremeters are the best means of determining 
K0 in s itu ,  as they have been used successfu lly  in most types 
of s o i l.  Because of the speed, cheapness and the re la tive  ease 
with which the samples can be obtained, an ideal so lution  is  to 
find  a re liab le  and cheap laboratory method of find ing !<0 from 
te st data obtained from test specimens.
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Vertical effective stress C k N / m 2)
Fig. 5*1 Relation between Horizontal and Vertical effective stress during 
loading and unloading for Ripley Sand (after Sutton 1979)
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Vertical effective stress ( k N / m 2)
Fig. 5*2 The variation in horizontal and vertical effective stresses during 
a reloading cycle on Ripley Sand ( after Sutton 1979)
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t
<t> ( degrees )
F i g .  5 - 3  T h e  v a r i a t i o n  i n  K q  w i t h  ( a f t e r  S u t t o n  1 9 7 9 )
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Initial voids ratio , eG
Fig. 5 4 Variation of Ko with initial void ratio (after Daramola 
1978)
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Vertical effective stress k N / m 2
Fig. 5-5 The relation between Horizontal effective stress and Vertical effective 
stress. Leighton Buzzard Sand ( after Dikran 1983) using 
Bishop and Henkels caliper.
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Fig. 5-6 Sketch of the Menard pressuremeter (from Gibson 
and Anderson 1961)
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F i g .  5 - 7 C a m k o m e t e r  ( W i n d l e  a n d  W r o t h  1 9 7 7 )
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EXPERIMENTAL WORK
6 .0  INTRODUCTION
Two types of sands were read ily  ava ilab le  in  the so il mechanics 
laboratory, the Woolwich Green well-graded coarse sand and the uniform 
fine  Leighton Buzzard sand. The quantity of each was enough 
to run penetration test inside the ca lib ra tion  chamber which had 
ju st  been b u ilt  in  the laboratory. The major part of the research, 
however, was carried out on the Leighton Buzzard sand at a sing le  
density with only a few penetration test at other densitie s. Three 
penetration tests were carried out.on Woolwich Green sand at 
d iffe ren t densitie s. Dynamic penetration tests with pore water 
pressure measurement were performed on saturated sands inside  the 
ca lib ra tion  chamber using d ifferent sized penetrometers with a set 
up capable of recording pore pressure values around the tip  and 
the side  of the penetrometer and the re su lts were recorded on 
cartridges, using a desktop computer. An accelerometer was also 
fixed inside  the penetrometer in an attempt to measure the accelera­
tion of the penetrometer with elapsed time. A special penetrometer 
to accommodate the pore water pressure transducers and the accelero­
meter was b u ilt  for th is  purpose. High speed photography was used 
to detect the time required for the penetration of each blow.
D ifferent techniques and instruments were used to find  the value 
of the K0 stre ss path of Leighton Buzzard sand at one density to 
compare i t  with the re su lts by a previous researcher on the same, sand 
which were found using Bishop and Henkel's(1957) method and to find 
a technique which can be followed to maintain KQ stre ss conditions 
in side  the chamber. A new technique was used to detect the latera l 
' deformation of a 100 mm diameter t r ia x ia l specimen using a
CHAPTER 6
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Hall E ffect transducer and the re su lts proved to be sa t is fa c to ry .
A large number of stre ss path tests were carried out on the same 
sin g le  density Leighton Buzzard sand under computer control in  a 
Bishop-Wesley ce ll and the tangent deformation modulus (Mt) was 
found by applying a standard increment of stre ss  at the end of each 
stre ss  path.
6.1 CHARACTERISTICS OF THE WOOLWICH GREEN SAND
The Woolwich Green sand is  a subangular well-graded coarse sand,
the partic le  size  d istr ib u t ion  of which is  shown in Fig. 6.1.
The sand hasamean partic le  size  (D^q) of 1.0 mm and a coeffecient 
of uniform ity Cu = = .1 0 3 = 7. The sp e c if ic  grav ity  of the
Diq 0.16
sand partic le s was determined according to BS 1377:1975, using 
the method of fine-grained s o ils .  Twenty specimens were tested 
and gave the same re su lt  of 2.635.
The maximum dry density was found follow ing ASTM D2049 for 
the minimum void ra tio , and the maximum void ra tio  was found 
afte r Kolbuszewski (1948). The average of ten tests showed that: 
maximum dry density ycj(max) ” ^*^0  ^g/m •
minimum dry density Ycj(mi n) = 1.37 Mg/m3 .
Fig. (6.2 a) shows a few grains from a sample magnified -50 and 130 times 
using a scanning electrone microscope.
6.2 CHARACTERISTICS OF THE LEIGHTON BUZZARD SAND
The Leighton Buzzard sand is  a angular uniform fine
quartz sand with a partic le  size  d istr ib u t ion  as shown in  F ig . 6.1.
The sand has a mean partic le  size  (Dso) oT 0.11 mm and a
coe ffic ien t of uniform ity Cu = = 1.6
D10
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F i g .  6 - 1 P a r t i c l e  S i z e  D i s t r i b u t i o n  C u r v e s
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130 T i
a- WOOLWICH GREEN SAND
130T i
b- LEIGHTON BUZZARD SAND
FIG. 6.2 PARTICLES ENLARGED USING SCANNING ELECTRON 
MICROSCOPE FOR TWO TYPES OF SAND
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The s p e c i f i c  g r a v i t y  o f  t h e  s a n d  p a r t i c l e s  was  d e t e r m i n e d  a c c o r d i n g  
t o  BS 1 3 7 7 : 1 9 7 5 ,  u s i n g  t h e  m e th o d  f o r  f i n e - g r a i n e d  s o i l s .  The  
a v e r a g e  o f  t w e n t y  t e s t s  g a v e  t h e  v a l u e  o f  2 . 6 5 .
The  a v e r a g e  o f  t e n  t e s t s  on  t h e  maximum and  minimum d e n s i t i e s
f o l l o w i n g  t h e  same t e c h n i q u e s  a s  on  W o o l w i c h  G r e e n  s a n d  s h o w e d  t h a t : -
The  maximum d r y  d e n s i t y  Y d ( m a x ) = 1 - 6 8  Mg/m3 .
The minimum d r y  d e n s i t y  y  = 1 . 3 3  Mg/m3 .
d ( m i n )
F i g .  ( 6 , 2  b )  show s  a f e w  g r a i n s  f r o m  a s a m p l e  m a g n i f i e d  5 0 ,  a n d  130 
t i m e s  u s i n g  a s c a n n i n g  e l e c t r o n  m i c r o s c o p e .
6 . 3  ENGINEERING PROPERTIES OF THE TEST SPECIMEN
A s  m e n t i o n e d  b e f o r e  a s i n g l e  d e n s i t y  s a t u r a t e d  L e i g h t o n  
B u z z a r d  s a n d  w as  u s e d  f o r  m o s t  o f  t h e  r e s e a r c h .  The  d r y  d e n s i t y  
w as  a l w a y s  c o n t r o l l e d  t o  b e  e x a c t l y  V . 5 5  Mg/m3 by  w e i g h i n g  an  
e x a c t  amoun t  o f  o v en  d r y  s a n d  t o  g i v e  t h i s  d e n s i t y ,  w h i c h  a p p r o x i m a t e d  
t o  a r e l a t i v e  d e n s i t y  o f  70% ( d e n s e  s a n d )  and a v o i d  r a t i o  o f  0 . 7 1 .
A l l  t h e  s a m p l e s  w e r e  b o i l e d  i n  d e a i r e d  w a t e r  f o r  a t  l e a s t  30 m i n u t e s  
b e f o r e  s a m p l e  p r e p a r a t i o n .  A new s a m p l e  was  p r e p a r e d  f o r  e a c h  t e s t .
6 . 3 . 1  C o n s o l i d a t e d  U n d r a i n e d  T r i a x i a l  T e s t s  W i t h  P o r e  P r e s s u r e
M e a s u r e m e n t s
To f i n d  t h e  v a l u e  o f  (j)' o f  t h e  s a n d ,  f o u r  c o n s o l i d a t e d  
u n d r a i n e d  t r i a x i a l  t e s t s  w e r e  p e r f o r m e d  on 3 7 . 2  mm d i a m e t e r  
s p e c i m e n s  w i t h  t h e  same d e n s i t y .  The  s p e c i m e n  was  f o r m e d  by  
s p o o n i n g  t h e  s a t u r a t e d  s a n d  i n t o  a f u n n e l ,  t a k i n g  c a r e  t o  k e e p  
t h e  s a n d  s u b m e r g e d .  The  f l o w  o f  s a n d  was  c o n t r o l l e d  by  a c l a m p  
f i x e d  on t h e  r u b b e r  t u b i n g  a t  t h e  o u t l e t  o f  t h e  f u n n e l .  The  
s a n d  w a s  d e p o s i t e d  a t  a r a t e  o f  2 g / m i n u t e  i n s i d e  t h e  r u b b e r
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mem brane  a t  t o p  o f  p o r o u s  s t o n e  u n d e r  w a t e r .  The  membrane  was  
f i x e d  w a t e r  t i g h t  a r o u n d  t h e  p e d e s t a l  o f  t h e  B i s h o p - W e s l e y  c e l l  
u s i n g  a p a i r  o f  " 0 "  r i n g s ,  and s u r r o u n d e d  by  t h e  f o r m e r  w h i c h  
r e s t e d  on  t h e  b a s e  o f  t h e  t r i a x i a l  c e l l .  The  f o r m e r  c o n s i s t e d  
o f  a t h r e e  p i e c e  s p l i t  m o u l d ,  a r i n g  t o  k e e p  i t  t o g e t h e r , ,  an d  
t h e  t o p  c o l l a r  t o  k e ep  t h e  s p e c i m e n  c o n s t a n t l y  u n d e r  w a t e r  
( B i s h o p  an d  El  d i n  1 9 5 3 ) .  The s p e c i m e n  was  tamped  t o  g i v e  t h e  
r e q u i r e d  v o lu m e  an d  d e n s i t y ,  and  a c l e a n  sm ooth  t o p  c a p  wa s  t h e n  
p u t  on  t h e  p o r o u s  s t o n e  a t  t h e  t o p  o f  t h e  s a m p l e  an d  s e a l e d  by  
means  o f  t w o . ' ‘0 '1 r i n g s  i n s i d e  t h e  r u b b e r  m e m b r a n e .  A s m a l l  
n e g a t i v e  p o r e  w a t e r  p r e s s u r e  w as  a p p l i e d  on  t h e  s p e c i m e n  t o  
g i v e  i t  t h e  r e q u i r e d  r e g i d i t y ,  by  l o w e r i n g  a b u r e t t e  c o n n e c t e d  
t o  t h e  s a n d  s p e c i m e n .  T h i s  g a v e  a p p r o x i m a t l y  5 kN/m n e g a t i v e  
p r e s s u r e .  The  s p l i t  m o u ld  was  t h e n  r e m ov e d  and  t h e  h e i g h t  and  
d i a m e t e r  o f  t h e  s a m p l e  was  m e a s u r e d  p r e c i s e l y .  The  a p p a r a t u s  
u s e d  f o r  t h e s e  t e s t s  was  t h e  B i s h o p - W e s l e y  h y d r a u l i c  t r i a x i a l  
c e l l  f o r  c o n t r o l l e d  s t r e s s  p a t h  t e s t i n g .  The  u p p e r  p a r t  o f  t h e  
a p p a r a t u s  i s  s i m i l a r  t o  a c o n v e n t i o n a l  t r i a x i a l  c e l l  e x c e p t  t h a t  
t h e  v e r t i c a l  l o a d  i s  a p p l i e d  by  m o v in g  t h e  s a m p l e  p e d e s t a l  
u p w a r d s  f r o m  b e l o w  and  p u s h i n g  t h e  t o p  c a p  a g a i n s t  a f i x e d  ram 
o r  s u c t i o n  c a p ,  o r  s o m e t i m e s  a l o a d  c e l l ,  t o  r e c o r d  t h e  l o a d .
T he  p e d e s t a l  i s  b u i l t  a t  t h e  t o p  o f  a l o a d i n g  r a m ,  a t  t h e  
b o t t o m  end o f  w h i c h  i s  a p i s t o n  and  p r e s s u r e  c h a m b e r .  B e l l o f r a m  
r o l l i n g  d i a p h r a g m s  a r e  u s e d  to  r e t a i n  t h e  c e l l  f l u i d  and  t h e  
ram t r a v e l s  up and  down i n  a " R o t o l i n "  l i n e a r  b e a r i n g .  The  
a x i a l  l o a d  i s  a p p l i e d  t o  t h e  s a m p l e  b y  i n c r e a s i n g  t h e  p r e s s u r e  
i n  t h e  b o t t o m  p r e s s u r e  c h a m b e r .  The  a p p a r a t u s  i s  e x p l a i n e d  i n  
d e t a i l  by  B i s h o p  an d  W e s l e y  ( 1 9 7 5 ) .  As  t h e  a r e a  o f  t h e  B e l l o f r a m
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s e a l  i s  b i g g e r  t h a n  t h e  a r e a  o f  t h e  s a m p l e ,  t h e  a x i a l  s t r e s s  
( a v ) d e p e n d  on t h e  c e l l  p r e s s u r e  ( a ^ )  and  t h e  l o w e r  p r e s s u r e  
c h a m b e r  ( P )  a s  f o l l o w s . .
a v  = P f  +  ° h  O  -  -  ) -  -    ( e q .  6 . 1 )
A  A A
w h e r e  A =  s a m p l e  a r e a
a = B e l l o f r a m  s e a l  a r e a  
W = t h e  w e i g h t  o f  t h e  l o a d i n g  ram
The t e s t s  w e r e  c a r r i e d  o u t  u s i n g  an  a u t o m a t i c  c o m p u t e r  
c o n t r o l l e d  s y s t e m .  The  s y s t e m  c o n s i s t s  o f  a H e w l e t t - P a c k a r d  
( H . P .  8 5 )  c o m p u t e r  t o  r u n  t h e  t e s t  and r e c o r d  t h e  t e s t  d a t a  
t o g e t h e r  w i t h  t h r e e  D i g i t a l  P r e s s u r e  c o n t r o l l e r s  to  s u p p l y  t h e  
r e q u i r e d  p r e s s u r e s  and v o lu m e  c h a n g e s  u n d e r  c o m p u t e r  ( o r  m a n u a l )  
c o n t r o l  t o  t h e  B i s h o p - W e s l e y  c e l l .  The  s y s t e m  i s  e x p l a i n e d  i n  
d e t a i l  i n  C h a p t e r  5 o f  t h i s  t h e s i s .  S o f t w a r e  f o r  r u n n i n g  d i f f e r e n t  
t r i a x i a l  t e s t s ,  s a v i n g  t h e  r e s u l t s  on  c a r t r i d g e  and  p l o t t i n g  and  
t a b u l a t i n g  t h e  r e s u l t s  was  s u p p l i e d  by t h e  m a n u f a c t u r e r s  o f  t h e  
s y s t e m .  D e t a i l  o f  t h e  f o u r  t e s t s  a r e  p r e s e n t e d  i n  t a b l e  6 . 1 .
The  r e s u l t s  a r e  s t o r e d  i n  a c a r t r i d g e  i n  f o u r  f i l e s  w h i c h  c a n  be  
p r o c e s s e d  a t  a n y  t i m e .  The  g e n e r a l  p u r p o s e  p l o t t i n g  o r  t a b u l a t i n g  
p ro gr am m e s u p p l i e d  by  t h e  m a n u f a c t u r e r s  a l l o w s  20 v a r i a b l e s  t o  
b e  e x a m i n e d  i n c l u d i n g  s t r e s s - s t r a i n  c u r v e s  and  s t r e s s  p a t h s .
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TABLE 6 .1
DETAILS  OF THE CONSOLIDATED UNDRAINED TESTS
T e s t 1 2 3 4
D i m e n s i o n s  o f  s p e c im e n  
(D  x h mm)
3 7 . 2  x 7 4 . 5 3 7 . 2  x  7 1 . 5 3 7 . 2  x 71 3 7 . 2  x 73
D r y  d e n s i t y  (Mg/m3 ) 1 . 5 4 1 . 5 6 1 . 5 6 1 . 5 5
C e l l  p r e s s u r e  (kN/m2 ) 211 600 400 411
o
B a ck  p r e s s u r e  (kN/m ) 100 415 201 401
R a t e  o f  s t r a i n  (mm/hr ) 4 4 4 4
( R e s u l t s  s a v e d )  c a r t r i d g e
N o .  101 101 101 101
( "  " )  F i l e  Name CUTST2 CUTST3 CUTST4 CUTST5
A n g l e  o f  s h e a r  f a i l u r e ( a )  3 2 . 8 ° 3 4 . 0 3 4 . 5 ° 3 3 . 8 °
3 9 . 2 ° 4 0 . 0 ° 4 0 . 5 ° 4 0 . 0 °
The  a v e r a g e  e f f e c t i v e  a n g l e  o f  i n t e r n a l  f r i c t i o n  (j)' f o r  
t h e  f o u r  s p e c i m e n s  i s  a p p r o x i m a t e l y  4 0 ° .  T h i s  r e s u l t  w i l l  h e l p  
i n  p r e d i c t i n g  th e  v a l u e  o f  t h e  c o e f f i c i e n t  o f  e a r t h  p r e s s u r e  a t  
r e s t  ( K 0 ) o f  t h e  s an d  a t  t h e  same d e n s i t y  w h i c h  w i l l  be  e x p l a i n e d  
i n  t h e  n e x t  p a r a g r a p h .
6 . 3 . 2  K0- C o . n s o l i d a t i o n  and  S w e l l i n g  T e s t s
V a r i o u s  t e s t s  h a v e  b e e n  d e v i s e d  t o  m e a s u r e  th e  c o e f f i c i e n t  
o f  e a r t h  p r e s s u r e  a t  r e s t ,  ( K Q ) f o r  d i f f e r e n t  t y p e s  o f  s o i l ;  a 
f u l l  a c c o u n t  o f  m o s t  o f  t h e  t e s t s  a v a i l a b l e  i s  g i v e n  i n  C h a p t e r  5 .  
S e v e n  K0 t e s t s  on  t h e  same f i n e  u n i f o r m  L e i g h t o n  B u z z a r d  s a n d  
w h i c h  was  u s e d  i n  t h i s  w o rk  w e r e  c o n d u c t e d  by  a p r e v i o u s  r e s e a r c h e r  
( D i k r a n  1 9 8 3 )  u s i n g  t h e  B i s h o p  and  H en k e l  ( 1 9 6 2 )  met ho d  w i t h  a
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m e r c u r y  l a t e r a l  s t r a i n  c a l i p e r .  The  s e v e n  s p e c i m e n s  w e r e  t e s t e d  
o v e r  a r a n g e  o f  d r y  d e n s i t i e s  f r o m  1 . 4 2  Mg/m3 t o  1 . 5 3  Mg/m3 w h i c h  
c o r r e s p o n d e d  t o  r e l a t i v e  d e n s i t i e s  r a n g e  f r o m  31% t o  66% t h e  
v a r i a t i o n  o f  KQ v a l u e s  was  f r o m  a b o u t  0 . 4 4  t o  0 . 5 4 .  A s  t h o s e  
r e s u l t s  a p p e a r e d  h i g h ,  b a s e d  on p r e v i o u s  e x p e r i e n c e  i n  c a r r y i n g  
o u t  Kq t e s t s  u s i n g  t h e  same t e c h n i q u e ,  a n  i n v e s t i g a t i o n  on  th e  
e f f e c t  o f  t i m e  and  c o n c e n t r a t i o n  o f  t h e  o p e r a t o r  was  m ad e ,  w h i c h  
s h o w ed  t h a t  a f t e r  30 m i n u t e s  f r o m  s t a r t i n g  t h e  t e s t  t h e  o p e r a t o r s  
s t a r t e d  t o  l o o s e  c o n c e n t r a t i o n  w h i l s t  m o n i t o r i n g  t h e  movement  o f  
t h e  m e r c u r y  w h i c h  l e d  i n  many c a s e s  t o  a r r a n g i n g  t h e  r e s u l t s  t o  
be  s i m i l a r  t o  t h o s e  p u b l i s h e d  f o r  s i m i l a r  s o i l .  T h e r e f o r e  i t  wa s  
d e c i d e d  t o  u s e  d i f f e r e n t  t e s t  p r o c e d u r e s  a v a i l a b l e  f o r  KQ t e s t s .
A new t e c h n i q u e  f o r  c o n t r o l l i n g  t h e  l a t e r a l  d e f o r m a t i o n  o f  th e  
s a m p l e  w a s  e s t a b l i s h e d  u s i n g  an  e l e c t r o n i c  t r a n s d u c e r  i n  a f e e d b a c k  
l o o p  t o  t h e  c e l l  p r e s s u r e ,  w i t h  t h e  r e s u l t s  r e c o r d e d  a u t o m a t i c a l l y ,  
u s i n g  a c o m p u t e r .  F o u r  d i f f e r e n t  t e c h n i q u e s  f o r  KQ t e s t i n g  a r e  
e x p l a i n e d  i n  d e t a i l  i n  t h i s  p a r a g r a p h .
6 . 3 . 2 . 1  Rowe C e l l  w i t h  L a t e r a l  S t r a i n  G a u g e
\
A 150 mm d i a m e t e r  Rowe c e l l  w i t h  l a t e r a l  s t r a i n  g a u g e
a t t a c h e d  t o  t h e  s o l i d  b r a s s  r i n g ,  was  b u i l t ,  w i t h  a g a u g e  f i x e d
f l u s h  w i t h  t h e  i n n e r  s u r f a c e  o f  t h e  b r a s s  r i n g .  W a t e r  was  u s e d
t o  c a l i b r a t e  t h e  g a u g e  by  a p p l y i n g  p r e s s u r e  u s i n g  a d e a d  l o a d
d e v i c e  an d  a n . i m p u t  o f  10 V .  The  o u t p u t  v o l t a g e  o f  t h e  g a u g e
sh o w e d  a  v e r y  g o o d  s t r a i g h t  l i n e  r e l a t i o n s h i p  b e t w e e n  t h e  v o l t a g e
and  t h e  p r e s s u r e  a p p l i e d  on t h e  w a t e r .  A s a t u r a t e d  d e a i r e d  s p e c i m e n
w a s  d e p o s i t e d  u n d e r  w a t e r  i n s i d e  t h e  Rowe c e l l  a t  t h e  s t a n d a r d  
3
d e n s i t y  ( 1 . 5 5  Mg/m ) ,  v e r t i c a l  p r e s s u r e  wa s  a p p l i e d  s l o w l y  t o  t h e
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s p e c i m e n  w h i c h  was  d r a i n e d  t h r o u g h o u t  t h e  t e s t .  The e f f e c t i v e  
v e r t i c a l  p r e s s u r e  was  r e a d  on  a r e a d o u t  u n i t  c o n n e c t e d  t o  a p r e s s u r e  
t r a n s d u c e r ,  c a l i b r a t e d  on t h e  same u n i t ,  and  t h e  l a t e r a l  e f f e c t i v e  
s t r e s s  was  t a k e n  f r om  t h e  r e a d i n g s  o f  t h e  s t r a i n  g a u g e  a f t e r  u s i n g  
t h e  c a l i b r a t i o n  c u r v e  w h i c h  w a s  c o n s t r u c t e d  a t  t h e  b e g i n i n g  o f  t h e  
t e s t .  A s  t h e  o u t e r  r i n g  i s  r i g i d  no l a t e r a l  movement o f  t h e  
s p e c i m e n  w as  a s sum ed  ,w h i c h  c a n  b e  t a k e n  a s  K0 c o n d i t i o n .  By p l o t t i n g  
a v ' a g a i n s t  o^ 1 a  s t r a i g h t  l i n e  w a s  e s t a b l i s h e d  on l o a d i n g  and  
k0 = g h ' was  f o u n d  t o  be  a b o u t  0 . 3 5  f o r  t h e  d e n s i t y  m e n t i o n e d  a b o v e .
0\J 1
O n l y  o n e  t e s t  was  p e r f o r m e d  u s i n g  t h i s  m ethod  a s  t h e  s t r a i n  g a u g e  
s t a r t e d  t o  m a l f u n c t i o n .  T h i s  t e c h n i q u e  l e d  t h e  way  t o  o t h e r  
r e s e a c h e r  t o  b u i l d  a l a r g e r  Rowe c e l l  w i t h  a r i g i d  an d  p e r m e n e n t  
l o a d  c e l l  a t t a c h e d  t o  i t s  o u t e r  r i n g .
6 . 3 . 2 . 2  T r i a x i a l  A p p a r a t u s  W i t h  L o a d i n g  Ram o f  T h e ,S a m e  A r e a  As  The  S a m p l e
An a p p a r a t u s  s i m i l a r  t o  t h a t  d e s i g n e d  and  e x p l a i n e d  i n  
d e t a i l  by  C a m p a n e l l a  and  V a i d  ( 1 9 7 2 )  was  b r o u g h t  t o  t h e  l a b o r a t o r y  
t o  r u n  t e s t s  on  L e i g h t o n  B u z z a r d  s a n d  w i t h  no l a t e r a l  s t r a i n  d u r i n g  
c o n s o l i d a t i o n  ( K Q c o n d i t i o n ) .  T he  a p p a r a t u s  wa s  d e s i g n e d  and  
c o n s t r u c t e d  t o  p r e v e n t  any  v o lu m e  c h a n g e  i n  t h e  c e l l - w a t e r  s y s t e m  
s u r r o u n d i n g  t h e  s a m p l e  by  u s i n g  a n  a x i a l  l o a d i n g  ram o f  t h e  same  
a r e a  a s  t h e  s a t u r a t e d  s a m p l e .  Thu s  when  t h e  l o a d s  a r e  a p p l i e d  and  
d r a i n a g e  f r o m  t h e  s a m p l e  i s  a l l o w e d  t h e  v o lu m e  o f  t h e  s a m p l e  w i l l  
c h a n g e  o n l y  i f  t h e  s a m p l e  h e i g h t  c h a n g e s .  The  s a t u r a t e d  s a m p l e  o f  
s a n d  wa s  p r e p a r e d  f o l l o w i n g  t h e  same m ethod  e x p l a i n e d  i n  s e c t i o n
6 . 3 . 1  o f  t h i s  c h a p t e r  f o r  t h e  f i x e d  s i n g l e  d e n s i t y  o f  t h i s  w o r k .
T h e  f i r s t  t e s t  c a r r i e d  o u t  on t h e  s a m p l e  o f  L e i g h t o n  B u z z a r d  s a n d  
g a v e  a v e r y u n r e a l i s t i c  KQ v a l u e  ( 0 . 2 1 )  w h i c h  l e a d  t o  t h e  c h e c k i n g
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o f  t h e  p o s s i b i l i t y  o f  e x p a n s i o n  o f  t h e  p e r s p e x  c e l l  d u e  t o  i n c r e a s e  
o f  t h e  c e l l  p r e s s u r e .  Two d i a l  g a u g e s  w e r e  f i x e d  t o  m e a s u r e  t h e  
i n c r e a s e  i n  t h e  d i a m e t e r  o f  t h e  c e l l  w h i l e  i n c r e a s i n g  t h e  c e l l  
p r e s s u r e .  The  r e s u l t s  showed  an  i n c r e a s e  i n  d i a m e t e r  o f  0 . 1 2  mm 
d u e  t o  i n c r e a s e  i n  c e l l  p r e s s u r e  o f  600 k P a .  The  p e r s p e x  c e l l  was  
r e p l a c e d  by  t h i c k  r i g i d  s t e e l  c e l l  a s  shown i n  F i g .  6 . 3  w h i c h  g a v e  
n e g l i g i b l e  v a r i a t i o n  i n  i t s  d i a m e t e r  due  t o  i n c r e a s e  o f  c e l l  p r e s s u r e .  
The p r o b l e m  o f  e c c e n t r i c i t y  b e t w e e n  t h e  c y l i n d r i c a l  ram and  t h e  
s a m p l e  was  s o l v e d  by  u s i n g  a b a l l  and  s o c k e t  on t h e  c e n t r e  o f  
t h e  ram and  t h e  c e n t r e  o f  t h e  c a p  on t h e  s a m p l e .  Two c a l i b r a t e d  
p r e s s u r e  t r a n s d u c e r s  w e r e  u s e d ;  o n e  on t h e  o u t l e t  o f  t h e  w a t e r  
o f  t h e  c e l l  t o  m e a s u r e  th e  c h a n g e  i n  l a t e r a l  p r e s s u r e  an d  t h e  o t h e r  
on  t h e  p o r e - w a t e r  d r a i n a g e  l i n e  t o  c h e c k  t h a t  t h e  b a c k  p r e s s u r e  
w a s  c o n s t a n t  when c o n n e c t e d  to  a c o n s t a n t  p r e s s u r e  s y s t e m .  The  
r e s u l t s  o f  t e n  t e s t s  c a r r i e d  o u t  on  t h e  s a t u r t e d  s a n d  a t  s i n g l e  
d e n s i t y  g a v e  v a l u e s  o f  KQ f r o m  0 . 2 5  t o  0 . 7 5 .  W h i l s t  a n a l y s i n g  
t h e s e  r e s u l t s  two f a c t o r s  w e r e  c o n s i d e r e d .
The  c h a n g e  i n  t e m p e r a t u r e  d u r i n g  t h e  t e s t  a f f e c t s  t h e  
p r e s s u r e  o f  t h e  w a t e r  i n  t h e  c e l l  due  t o  t h e  d i f f e r e n c e  b e t w e e n  
t h e  v o lu m e  c h a n g e  o f  t h e  w a t e r  i t s e l f  a n d  t h e  s t e e l  c e l l .  The  
c o m p r e s s i b i l i t y  o f  t h e  w a t e r  due  t o  t h e  a i r  c o n t e n t  a l s o  a f f e c t s  
t h e  p r e s s u r e .  A l t h o u g h  t h e s e  e f f e c t s  c an  b e  c o n s i d e r e d  s i g n i f i c a n t ,  
t h e r e  w a s  v e r y  l i t t l e  c h a n g e  o f  t e m p e r a t u r e  d u r i n g  t h e  t e s t  r e c o r d e d  
a n d  d e a i r e d  w a t e r  was  u s e d  t h r o u g h o u t  t h e  t e s t .  T h e r e f o r e  t h i s  
m e t h o d  w a s  c o n s i d e r e d  i m p r a c t i c a l  f o r  t h e  KQ t e s t i n g  o f  s a n d  and  
t h e  r e s u l t s  w e r e  n o t  t a k e n  i n t o  c o n s i d e r a t i o n .
1 8 2
FIG i  6 . 3  T R IA X IA L  APPARATUS WITH LOADING RAM OF THE SAME 
AREA AS SPECIMEN AND A THICK R IG ID  STEEL CELL
183
The same i n s t r u m e n t s  d e s c r i b e d  i n  s e c t i o n  6 . 3 . 1  f o r  t h e
c o n s o l i d a t e d  u n d r a i n e d  t r i a x i a l  t e s t  w e r e  u s e d  t o  f i n d  K f o r  t h e
o
same s a n d .  The  same t e c h n i q u e  f o r  p r e p a r i n g  t h e  s p e c i m e n  t o  t h e  
s p e c i f i e d  d e n s i t y  e x p l a i n e d  i n  t h a t  s e c t i o n  w as  a l s o  f o l l o w e d  
i n  t h i s  t e s t .  The  s o f t w a r e  p r o d u c e d  by  t h e  s u p p l i e r s  w a s  u s e d ,  
and  t h e  p ro gr am m e f o r  t h e  KQ t e s t  wa s  f o l l o w e d  a s  e x p l a i n e d  i n  
d e t a i l  i n  t h e i r  u s e r s  h a n d b o o k .  The  r e s u l t s  o f  many t e s t s  p r o v e d  
t h a t  th e  p ro g ra m m e  w a s  n o t  g i v i n g  KQ c o n d i t i o n s .  A n o t h e r  p rogr amme  
was  p r e p a r e d  by  t h e  s u p p l i e r s  f o r  t h e  Kq t e s t  w h i c h  a l s o  g a v e  
u n r e a l i s t i c  r e s u l t s .  S o f t w a r e  was  t h e r e f o r e  w r i t t e n  t o  c o n t r o l  
t h e  Kq t e s t .
6 . 3 . 2 . 3 . 1  C o r r e c t i o n  F o r  T h e  V e r t i c a l  P r e s s u r e  -
An I m p e r i a l  C o l l e g e  l o a d  c e l l  was  i n s t a l l e d  on  t o p  o f  
B i s h o p - W e s l e y  c e l l  a f t e r  i t  had b e e n  c a l i b r a t e d  i n  t h e  l a b o r a t o r y  
u s i n g  a d e a d  l o a d  d e v i c e  w i t h  an  i n p u t  o f  1 0 . 0  v o l t s .  A s t e e l  
c y l i n d e r  7 6 . 2  mm h i g h  by  3 8 . 5  mm d i a m e t e r ,  i n c l u d i n g  t h e  t h i c k n e s s  
o f  t h e  r u b b e r  m e m b rane ,  was  p l a c e d  i n s i d e  a B i s h o p - W e s l e y  c e l l  
w h e r e  h o r i z o n t a l  and  v e r t i c a l  p r e s s u r e s  w e r e  a p p l i e d  t o  i t .
R e a d i n g s  w e r e  t a k e n  f r o m  t h e  l o a d  c e l l  a t  t h e  t o p  o f  t h e  s a m p l e
an d  f r o m  t h e  l o w e r  c h a m b e r  p r e s s u r e  c o n t r o l l e r  f o r  d i f f e r e n t
c o n s t a n t  c e l l  p r e s s u r e s .  E r r o r s  i n  t h e  p r i n c i p a l  s t r e s s  d i f f e r e n c e
( a ]  -  0 3 ) c a l c u l a t e d  f r o m  t h e  l o w e r  c h a m b e r  c o n t r o l l e r  and  t h e
(<?] -  0 3 ) f r o m  t h e  l o a d  c e l l  w e r e  f o u n d .  By p l o t t i n g  a l l  th e  p o i n t s  on
o n e  c h a r t  and  u s i n g  l i n e a r  r e g r e s s i o n  a n a l y s i s ,  t h e  f o l l o w i n g
f i n a l  c o r r e c t i o n  f o r  ( 0 ]  -  0 3 ) wa s  f o u n d .
(Q1 “ a3) c = 0,98 (al " a3)|_ .........  ( eq* 6 ‘ 2^
6 .3.2.3 An Automatic Computer Controlled System
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w h e r e  (a-j  -  0 3 ) i s  t h e  c o r r e c t e d  d i f f e r e n c e  i n  kN/m
( a -1 -  i s  f r o m  t h e  r e a d i n g  o f  t h e  l o w e r  c h a m b e r  
c o n t r o l l e r  c a l c u l a t e d  u s i n g  e q u a t i o n  6 . 1  w i t h  B e l l o f r a m  
s e a l  a r e a  e q u a l  t o  2940 mm2 .
The r e s u l t s  f r o m  c a l i b r a t i o n s  a r e  shown i n  F i g .  6 . 4 ,  t o g e t h e r  w i t h  
t h e  b e s t  f i t  s t r a i g h t  l i n e  a d o p t e d  f o r  t h i s  w o r k .
6 . 3 . 2 . 3 . 2  C o r r e c t i o n  F o r  The  V e r t i c a l  D i s p l a c e m e n t
T h e  v e r t i c a l  d i s p l a c e m e n t  o f  t h e  s p e c i m e n  i n  t h e  a u t o m a t i c  
c o n t r o l l e r s  s y s t e m  i s  f o u n d  i n  t h e  m a n u f a c t u e r ' s  s o f t w a r e  s i m p l y  by  
d i v i d i n g  t h e  v o lu m e  o f  w a t e r  pumped i n  o r  o u t  o f  t h e  l o w e r  c h a m b e r  o f  t h e  
B i s h o p - W e s l e y  c e l l  by  t h e  a r e a  o f  t h e  B e l l o f r a m  s e a l  w h i c h  i s  
a l w a y s  t a k e n  a s  2940 mm^. I t  w as  b e l i e v e d  t h a t  a c o r r e c t i o n  
s h o u l d  b e  i n t r o d u c e d  due  t o  t h e  c h a n g e  i n  t h e  l o w e r  ch a m b e r  
p r e s s u r e  w h i c h  ha s  an  e f f e c t  on  t h e  B e l l o f r a m  s e a l  , and  t o  t h e  
c h a n g e  i n  t h e  c e l l  p r e s s u r e  w h i c h  has  an  a f f e c t  on  t h e  e x p a n s i o n  
o f  t h e  c e l l  i t s e l f .  Two d i a l  g a u g e s  w e r e  f i x e d  on  t h e  B i s h o p -  
W e s l e y  c e l l  t o  c h e c k  t h e  d i s p l a c e m e n t  o f  t h e  p e d e s t a l .  By  
c o m p a r i n g  t h e  d i a l  g a u g e  r e a d i n g s  w i t h  t h e  c a l c u l a t e d  d i s p l a c e m e n t  
f r o m  t h e  l o w e r  c h a m b e r  a t  d i f f e r e n t  c e l l  p r e s s u r e s ,  t h e  a v e r a g e  
d e f o r m a t i o n  f r o m  t h e  two d i a l  g a u g e s  wa s  t a k e n  and  c o m p a re d  w i t h  
t h e  d e f o r m a t i o n  c a l c u l a t e d  f r o m  t h e  v o l u m e  o f  w a t e r  pumped o u t  
and  i n t o  t h e  l o w e r  c h a m b e r .  The  r e s u l t s  showed  a c o n s i d e r a b l e  
a m o un t  o f  v a r i a t i o n .  An e q u a t i o n  f o r  a  c o r r e c t i o n  f a c t o r  was  
d e v e l o p e d  an d  a c o m p u t e r  pro gramme w as  w r i t t e n  t o  t a k e  t h e  
d e f l e c t i o n s  c a l c u l a t e d  f r o m  t h e  l o w e r  c h a m b e r  c o n t r o l l e r  w i t h  
c h a n g i n g  c e l l  p r e s s u r e s ,  and  c o m p a r e  them w i t h  t h e  r e a d i n g s  
f r o m  t h e  d i a l  g a u g e s  w h i c h  w e r e  t a k e n  m a n u a l l y .  H o w e v e r  t h e  
e q u a t i o n  w a s  m o d i f i e d  a number  o f  t i m e s ,  and  e a c h  t im e  a c h a r t  
was  d r a w n  c o m p a r i n g  t h e  r e s u l t s  f r o m  t h e  l o w e r  c o n t r o l l e r  b e f o r e
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a n d ,  a f t e r  c o r r e c t i o n ,  w i t h  t h e  d i a l  g a u g e s  r e a d i n g .  The  f i n a l  
e q u a t i o n  f o r  t h e  c o r r e c t i o n  s h o w ed  v e r y  go o d  a g r e e m e n t  w i t h  t h e  
d i a l  g a u g e  r e a d i n g s .  The  c o r r e c t i o n s  f o r  t h e  v e r t i c a l  p r e s s u r e  
and  t h e  v e r t i c a l  d e f o r m a t i o n  a r e  a p p l i e d  t o  t h e  t e s t  r e s u l t s  o f  
Kq t e s t  t h r o u g h  t h e  c o m p u t e r  p ro g ra m m e  shown i n  A p p e n d i x  1 .
An e x a m p l e  o f  t h e  c o r r e c t e d  and  u n c o r r e c t e d  d e f o r m a ­
t i o n  i s  g i v e n  i n  F i g .  6 . 2 7 ,  s e c t i o n  6 . 5 . 1 .  F o r  m o s t  t e s t s ,  t h e  
maximum d i f f e r e n c e  b e t w e e n  t h e  p r e d i c t e d  d i a l  g a u g e  r e a d i n g  
a n d  t h e  r e c o r d e d  a v e r a g e  d i a l  g a u g e  r e a d i n g  d i d  n o t  e x c e e d  ±
1 d i v i s i o n  ( 0.01  mm) .
6 . 3 . 2 . 3 . 3  New C o m p u t e r  Pr og ra m m e  F o r  K0 T e s t s
A f t e r  a p p l y i n g  t h e  c o r r e c t i o n s  m e n t i o n e d  i n  t h e  p r e v i o u s  
s e c t i o n s ,  i t  wa s  d e c i d e d  t o  r u n  K0 t e s t s  u s i n g  t h e  same c o m p u t e r  
c o n t r o l l e d  s y s t e m s ,  f o l l o w i n g  a new i d e a  f o r  c o n t r o l l i n g  t h e  l a t e r a l  
d e f o r m a t i o n  o f  t h e  s p e c i m e n  to  a c h i e v e  t h e . K Q c o n d i t i o n .  The  
c o m p u t e r  p ro gr amme . o p e r a t e d  by  pum pin g  a s m a l l  v o lu m e  o f  
w a t e r  f r o m  t h e  l o w e r  c h a m b e r  c o n t r o l l e r  t o  t h e  B i s h o p - W e s l e y  c e l l ,  
w h i c h  moved  t h e  s a m p l e  up ( d u r i n g  l o a d i n g ) .  V e r t i c a l  p r e s s u r e  was  
i n c r e a s e d  by  t h i s  a c t i o n .  A q u a n t i t y  o f  w a t e r  was  s u c k e d  i n t o  t h e  
b a c k  . p r e s s u r e  c o n t r o l l e r ,  e q u a l  t o  t h e  c h a n g e  i n  t h e  v o lu m e  o f  t h e  
s p e c i m e n  due  t o  t h e  a p p l i e d  v e r t i c a l  d e f o r m a t i o n  t i m e s  i t s  i n i t i a l  c r o s s -  
s e c t i o n a l  a r e a ,  t h u s  c h a n g i n g  t h e  b a c k  p r e s s u r e .  The  c e l l  p r e s s u r e  
w as  c h a n g e d  t o  b r i n g  t h e  b a c k  p r e s s u r e  t o  i t s  v a l u e  a t  t h e  b e g i n n ­
i n g  o f  t h e  t e s t .  By c o n t i n u a l l y  r e p e a t i n g  t h i s  p r o c e s s  t h e  v e r t i c a l  
e f f e c t i v e  s t r e s s  on  t h e  s a m p l e  and  t h e  c o r r e s p o n d i n g  l a t e r a l  
e f f e c t i v e  s t r e s s  w i l l  b e  c h a n g e d  w h i l e  k e e p i n g  t h e  b a c k  p r e s s u r e  
c o n s t a n t ,  and  no l a t e r a l  d e f o r m a t i o n  o f  t h e  s p e c i m e n  w i l l  b e  a l l o w e d .
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F i g .  6 . 5  shows  t h e  a l g o r i t h m  f o r  K_ t e s t i n q  i n  a E i s h o D - W e s l e y  c e l l .  
A c o m p l e t e  p ro gr am m e was  w r i t t e n  t o  r u n  t h e  t e s t ,  and  g i v e  a d i s p l a y  
o f  d i s p l a c e m e n t  on  t h e  c o m p u t e r ' s  s c r e e n  so  t h a t  i t  c o u l d  be  
c h e c k e d  w i t h  t h e  d i a l  g a u g e s .  The  pro gramme a l s o  s t o r e d  t h e  r e s u l t s  
i n  t h e  c o m p u t e r  and  t r a n s f e r r e d  them to  a c a r t r i d g e .  A n o t h e r  
p ro g ra m m e  w as  p r e p a r e d  t o  t a k e  t h e  r e s u l t s  f r o m  t h e  d a t a  c a r t r i d g e s  
and  p l o t  t h e  v e r t i c a l  e f f e c t i v e  s t r e s s  v e r s u s  l a t e r a l  e f f e c t i v e  
s t r e s s  o r  v e r t i c a l  e f f e c t i v e  s t r e s s  v e r s u s  d e f o r m a t i o n .  The  
p rog ram m es  a r e  s a v e d  on c a r t r i d g e  N o .  C/102 and h a r d  c o p i e s  
a r e  i n  A p p e n d i x  I .
6 . 3 . 2 . 3 . 4  K0 T e s t s
The  s i n g l e  d e n s i t y  s a m p l e s  w e r e  p r e p a r e d  f o l l o w i n g  t h e
same t e c h n i q u e  m e n t i o n e d  b e f o r e .  S p e c i a l  c a r e  was  t a k e n  t o  p r e v e n t
l e a k a g e  o f  w a t e r  e i t h e r  f r o m  t h e  c e l l  o r  f r o m  t h e  s a m p l e  i t s e l f  by
e n s u r i n g  t h a t  no s a n d  p a r t i c l e s  w e r e  l e f t  on t h e  b a s e  o f  B i s h o p -
W e s l e y  c e l  1 ,  e s p e c i a l l v o n  t h e  " 0 "  r i n g  o f  t h e  c e l l .  The  p e d e s t a l
o f  t h e  c e l l  and  t h e  t o p  c a p  on  t h e  s p e c i m e n  w e r e  v e r y  c l e a n  and
sm ooth  s o  t h a t  no w a t e r  c o u l d  move  b e n e a t h  t h e  r u b b e r  membrane
and  t h e  " 0 "  r i n g s  h o l d i n g  i t .  The  w a t e r  u s e d  t h r o u g h o u t  t h e  t e s t s
was  f r e s h l y  p r e p a r e d  d e a i r e d  w a t e r  and  t h e  r u b b e r  membrane  was
c h e c k e d  b e f o r e  u s i n g  i t  on t h e  s p e c i m e n .  A f t e r  p r e p a r i n g  t h e
s p e c i m e n  an d  f i l l i n g  t h e  c e l l  w i t h  d e a i r e d  w a t e r ,  t h e  c e l l  an d
b a c k  p r e s s u r e s  w e r e  a p p l i e d  on t h e  s a m p l e  m a n u a l l y  t h r o u g h  t h e
2
c o n t r o l l e r s  i n  i n c r e m e n t s  t o  k e ep  10 kN/m e f f e c t i v e  p r e s s u r e  on  
t h e  s p e c i m e n  w h i l e  t a k i n g  t h e  p r e s s u r e s  up t o  410 kPa  c e l l  p r e s s u r e  
an d  400 kPa b a c k  p r e s s u r e .  T h o s e  v a l u e s  w e r e  a l w a y s  r e a c h e d  b e f o r e  
r u n n i n g  t h e  t e s t s ,  i n  o r d e r  t o  d r i v e  any  a i r  i n t o  s o l u t i o n ,  t a k e
1S8
F I G i  6 . 5  A L G O R IT H M  FO R  K o  T E S T IN G  IN  B IS H O P / W E S L E Y  C E L L
189
up a n y  s l a c k  i n  c o u p l i n g s ,  and  c h e c k  t h a t  t h e r e  was  no l e a k a g e  i n
t h e  s y s t e m .  Ten t e s t s  w e r e  p e r f o r m e d  on t e n  d i f f e r e n t  s p e c i m e n s
p r e p a r e d  by  t h e  same m e t h o d ,  w i t h  t h e  same d e n s i t y  ( 1 . 5 5  Mg/m3 ) .
The  maximum v e r t i c a l  e f f e c t i v e  s t r e s s e s  a p p l i e d  w e r e  b e t w e e n  
2
3 0 0 - 7 0 0  kN/m and  t h e  r e l o a d i n g  v e r t i c a l  e f f e c t i v e  s t r e s s  was
p
a l w a y s  100 kN/m , e x c e p t  when r e a c h i n g  t h e  i s o t r o p i c  l i n e ,  a s  t h e  
s u c t i o n  t o p  c a p  was  n o t  i n t r o d u c e d  t o  t h e  s y s t e m  a t  t h i s  s t a g e .
A l l  t h e  d a t a  w e r e  s a v e d  i n  c a r t r i d g e s  C/102 and  C/103 on d i f f e r e n t
f i l e s  a s  w i l l  b e  shown i n  t h e  t e s t  r e s u l t s .
6 . 3 . 2 . 4  A Semi A u t o m a t i c  S y s t e m  F o r  S i m u l a t i n g  K0 C o n s o l i d a t i o n  
And K0 S w e l l i n g  i n  The  T r i a x i a l  C e l l
The  B i s h o p  m e r c u r y  c a l i p e r  h a s  p r o v e d  i t s e l f  t o  be  a
r e l i a b l e  and  r o b u s t  d e v i c e  o v e r  some t h i r t y  y e a r s  and  is.  i n  u s e
i n  many r e s e a r c h  and c o m m e r c i a l  l a b o r a t o r i e s  a t  t h e  p r e s e n t .  I t  
h a s ,  h o w e v e r ,  t h r e e  m a in  d i s a d v a n t a g e s .  F i r s t l y  i t  i s  n o t  p a r t i c u l a r l y  
a c c u r a t e ,  a s  f a r  a s  t h e  d e t e c t i o n  o f  c a l i p e r  movement  i s  c o n c e r n e d .  
S e c o n d l y  i t  i s  d i f f i c u l t ,  and  r a t h e r  t i r i n g ,  t o  r e a d .  T h i r d l y ,  and  
m o s t  i m p o r t a n t l y , i f  t e s t s  o f  l o n g  d u r a t i o n  a r e  t o  b e  c a r r i e d  o u t ,  
i t  c a n n o t  p r o v i d e  an e l e c t r o n i c  o u t p u t  t h a t  may b e  u s e d  i n  
a u t o m a t i c  c o n t r o l  s y s t e m s .  T h i s  l a s t  p r o b l e m  i s  p a r t i c u l a r l y  
i m p o r t a n t ,  and  i s  g e n e r a l l y  t a c k l e d  by  t h e  r e m o v a l  o f  t h e  m e r c u r y  
co lum n  and  r e p l a c e m e n t  w i t h  a l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t r a n s f o r m e r  
( L . V . D . T . ) .  T h i s  makes  t h e  d e v i c e  e x p e n s i v e ,  r a t h e r  c u m b e r s o m e ,  
and  s o m e t i m e s  h e a v y .
A l i n e a r  H a l l  e f f e c t  d e v i c e  was  u s e d  i n s t e a d  o f  an  
L . V . D . T .  a s  an  a d a p t i o n  o f  t h e  B i s h o p  c a l i p e r  f o r  t h e  d e t e c t i o n  
o f  t h e  l a t e r a l  d e f o r m a t i o n  f o r  s i m u l a t i n g  K0 c o n s o l i d a t i o n  and  
K0 s w e l l i n g  i n  t h e  t r i a x i a l  c e l l .  The  l i n e a r  H a l l  e f f e c t  d e v i c e
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Hall effect I.e. d.i.l. socket
b. The Caliper fixed around the Specimen
Fig. 6 6 A section and photograph of the Hall effect caliper
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u s e d  i n  t h i s  r e s e a r c h  i s  r e a d i l y  a v a i l a b l e  ( f r o m  R . S .  C o m p o n e n t s ) ,  i s  
e x t r e m e l y  c h e a p  ( a b o u t  £ 3 . 5 0 )  and  i s  r e m a r k a b l y  r o b u s t .  I t  i s  u n a f f e c t e d  by  
s u b m e r s i o n  i n  w a t e r ,  b u t  i t  m u s t  be  s e a l e d  i n  o r d e r  t o  p r e v e n t  
c u r r e n t  f l o w  t h r o u g h  t h e  t r i a x i a l  c e l l  w a t e r .  I t  i s  v e r y  l i g h t ,  
w e i g h i n g  l e s s  t h a n  5 g ,  and  i s  r e m a r k a b l y  s m a l l  (6 mm b y  6 mm by  
2 mm t h i c k ) .
The  d e v i c e  g i v e s  an  o u t p u t  w h i c h  v a r i e s  l i n e a r l y  w i t h  m a g n e t i c  
f l u x  d e n s i t y ,  o v e r  t h e  r a n g e  ±  40 mT. I t s  s u p p l y  v o l t a g e  may be  
a n y t h i n g  b e t w e e n  +  4 v and +  l O v  D c .  O n l y  two e x t e r n a l  c om ponent s  
( 2  K r e s i s t o r s  b e t w e e n  th e  o u t p u t  t e r m i n a l s  and  t h e  z e r o  s u p p l y  
t e r m i n a l )  a r e  r e q u i r e d ,  and h i g h  o u t p u t s ,  o f  t h e  o r d e r  o f  s e v e r a l  
v o l t s ,  c a n  b e  o b t a i n e d .  F i g .  6 , 6  shows  a s e c t i o n  throCigh th e  
m e a s u r e m e n t  a r e a  o f  t h e  c a l i p e r  and  a p h o t o g r a p h  o f  t h e  c a l i p e r  
w i t h  t h e  H a l l  e f f e c t  t r a n s d u c e r  a t t a c h e d  t o  100 mm d i a m e t e r  
t r i a x i a l  s a n d  s p e c i m e n .  The H a l l  e f f e c t  d e v i c e  i s  c o n n e c t e d  to  
a 4 p i n  d u a l - i n - l i n e  s o c k e t ,  i n  o r d e r  t o  p r e v e n t  dam age  d u r i n g  
s o l d e r i n g  o f  e l e c t r i c a l  l o a d s .  The  i n t e g r a t e d  c u i r c u i t  ( i . e . ) ,  
i t s  s o c k e t ,  t h e  c a b l e  end s  and  a s o f t ,  f l e x i b l e  w a t e r  p r o o f  s h e a t h  
a r e  e n c a p s u l a t e d  i n  e p o x y  r e s i n  w i t h i n  a m e t a l  c a s e .  On th e  
o p p o s i t e  arm o f  t h e  c a l i p e r  a m a g n e t  i s  m o un ted  on a s c r e w -  
t h r e a d e d  h o l d e r ,  s o  t h a t  i t  c a n  b e  moved  t o w a r d s  o r  a way  f r o m  
t h e  c h i p ,  i n  o r d e r  t o  o b t a i n  opt imum d i s c r i m i n a t i o n .  The  a c c u r a c y  
o f  l a t e r a l  s t r a i n  m e a s u r e m e n t  d e p e n d s  t o  a  c e r t a i n  e x t e n t  on t h e  
m e c h a n i c a l  d e s i g n  o f  t h e  c a l i p e r .  The  a c c u r a c y  w i t h  w h i c h  c a l i p e r  
movem ent  c a n  b e  d e t e c t e d  w i t h  t h e  H a l l  e f f e c t  d e v i c e  d e p e n d s  on  
b o t h  t h e  m a g n e t  u s e d  an d  t h e  s t a b i l i t y  o f  i t s  o u t p u t .  The  m a g n e t  
u s e d  f o r  t h i s  p u r p o s e  i s  a m a g n e t i c  f e r r i t e  d i s c  ( 1 0  mm d i a  x 7 mm 
t h i c k )  a v a i l a b l e  f r o m  B i s b e l l  M a g n e t i c  P r o d u c t s  L t d .  o f  B u r t o n  -  
on T r e n t  a t  a c o s t  o f  a b o u t  10 p .  F i g .  6 . 7  sho ws  t h e  o u t p u t  f r o m
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t h e  H a l l  e f f e c t  d e v i c e  a s  a f u n c t i o n  o f  d i s t a n c e  f r o m  t h e  f a c e  o f  
o n e  o f  t h e s e  m a g n e t s .  A t  t h e  p o i n t  o f  maximum g r a d i e n t  a c h a n g e  
o f  o u t p u t  o f  1 mv is, e q u i v a l e n t  t o  a movement  o f  a p p r o x i m a t e l y  
3 m i c r o n .  S i n c e  v o l t a g e s  o f  t h e  o r d e r  o f  o n e - t e n t h  o f  t h i s  c a n  
n o r m a l l y  b e  r e a d  s a t i s f a c t o r i l y  u s i n g  s t a n d a r d  l a b o r a t o r y  
e q u i p m e n t ,  i t  c a n  b e  s e e n  t h a t  t h e  s e t t i n g  up o f  t h i s  d e v i c e  d o e s  
n o t  h a v e  t o  be  t o o  c r i t i c a l  t o  a c h i e v e  b e t t e r  s e n s i t i v i t y  t h a n  
t h e  v a l u e  o f  8 m i c r o n  q u o t e d  by  B i s h o p  ( 1 9 5 8 )  and  25 m i c r o n  
q u o t e d  by  B i s h o p  and  H en k e l  ( 1 9 5 7 ) .
6 . 3 . 2 . 4 . 1  T e s t i n g  T e c h n i q u e
A 100 mm d i a m e t e r  s p e c i m e n  was  p r e p a r e d  f o l l o w i n g  t h e  
B i s h o p  and El  d i n  ( 1 9 5 3 )  m e t h o d s .  The  s a n d  was  b o i l e d  i n  d e a i r e d  
w a t e r  an d  p u t  i n s i d e  a b i g  g l a s s  f u n n e l  a s  shown i n  F i g .  6 . 8 . The  
same t e c h n i q u e  a s  f o r  t h e  38 mm s a m p l e  e x p l a i n e d  b e f o r e  w a s  f o l l o w e d  
and  t h e  same d e n s i t y  o f  s a n d  a s  t h a t  u s e d  f o r  o t h e r  t e s t s  ( t h e  
c o n s t a n t  s i n g l e  d e n s i t y  1 . 5 5  Mg/m3 ) was.  p r o d u c e d .  A s m a l l  n e g a t i v e  
p o r e  p r e s s u r e  w a s  a p p l i e d  t o  g i v e  t h e  s p e c i m e n  r i g i d i t y ,  b y  l o w e r ­
i n g  t h e  b u r e t t e  s u f f i c i e n t l y  t o  p r o d u c e  a n e g a t i v e  p o r e  p r e s s u r e  
i n  t h e  s p e c i m e n .  The  s p l i t  m o u ld  wa s  t h e n  re m ov e d  an d  t h e  h e i g h t  
and  d i a m e t e r  o f  t h e  s p e c im e n  m e a s u r e d .  The  l a t e r a l  s t r a i n  c a l i p e r  
was  p o s i t i o n e d  a t  t h e  m i d - h e i g h t  o f  t h e  s p e c i m e n  and  t h e  p a d s  w e r e  
t a p e d  t o  t h e  membrane  i n  o r d e r  t o  s t o p  t h e  c a l i p e r  f r o m  s l i p p i n g  
dow n .  The  c a b l e ,  w h i c h  i s  c o n n e c t e d  t o  t h e  4 p i n  d u a l - i n - l i n e  
s o c k e t  o f  t h e  H a l l  e f f e c t  d e v i c e  was  t a k e n  o u t s i d e  t h e  b a s e  o f  
t h e  t r i a x i a l  c e l l  t h r o u g h  a h o l e  d r i l l e d  f o r  t h i s  p u r p o s e  and  
s e a l e d  u s i n g  an  " 0 " r i n g  t o  p r e v e n t  a n y  l e a k a g e  o f  w a t e r  f r o m  t h e  
c e l l  d u r i n g  t h e  t e s t .  The  c e l l  t o p  w a s  p l a c e d  o v e r  t h e  s p e c i m e n ,  
f i x e d  on  t o p  o f  t h e  p e d e s t a l  a nd  f i l l e d  w i t h  d e a i r e d  w a t e r .  The
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c e l l  w a t e r  and  t h e  p o r e  w a t e r  o f  t h e  s a t u r a t e d  s p e c i m e n  w e r e  
c o n t r o l l e d  b y  s t e p p e r  m o t o r  d r i v e n  p r e c i s i o n  a i r  p r e s s u r e  
r e g u l a t o r s ,  w h i c h  w e r e  c o n n e c t e d  t o  a d e s k t o p  c o m p u t e r  a s  
shown i n  F i g .  6 . 8 . The  two c a l i b r a t e d  p r e s s u r e  t r a n s d u c e r s  f i x e d  
on t h e  c e l l  t o  m e a s u r e  t h e  c e l l  and  b a c k  p r e s s u r e  an d  t h e  c a b l e s  
f r o m  t h e  H a l l  e f f e c t  d e v i c e  w e r e  c o n n e c t e d  t o  t h e  c o m p u t e r  t h r o u g h  
a s t r a i n  g a u g e  a m p l i f i e r .  The  o b j e c t  o f  a t e s t  u n d e r  K0 c o n d i t i o n s  
o f  z e r o  l a t e r a l  s t r a i n  i s  t o  c h a n g e  t h e  h o r i z o n t a l  e f f e c t i v e  s t r e s s  
w h i l e  s i m u l t a n e o u s l y  c h a n g i n g  t h e  v e r t i c a l  e f f e c t i v e  s t r e s s  in  
s u c h  a way  a s  t o  e n s u r e  t h a t  t h e r e  i s  no l a t e r a l  d e f o r m a t i o n .
The  e q u i p m e n t  w a s  a r r a n g e d  i n  t h r e e  c o n t r o l  l o o p s ;  a c o n s t a n t  
b a c k  p r e s s u r e  l o o p ,  a c o n s t a n t  t e s t  s p e c i m e n  d i a m e t e r  l o o p  b e t w e e n  
th e  c e l l  p r e s s u r e  and  t h e  H a l l  e f f e c t  c a l i p e r  an d  an  o v e r a l l  c o n t r o l  
l o o p  o p e r a t i n g  t h e  h o r i z o n t a l  p r e s s u r e .  The  c o n s t a n t  b a c k  p r e s s u r e  
l o o p  e n s u r e d  t h a t  t h e  p o r e  w a t e r  p r e s s u r e  r e m a i n e d  c o n s t a n t  t h r o u g h ­
o u t  t h e  t e s t .  S i m i l a r l y  t h e  c o n s t a n t  t e s t  s p e c i m e n  d i a m e t e r  l o o p  
o p e r a t e d  i n  s u c h  a way  t h a t  a t  t h e  b e g i n i n g  o f  t h e  t e s t  t h e  o u t ­
p u t  f r o m  t h e  H a l l - e f f e c t  d e v i c e ,  w h i c h  c a n  b e  r e a d  on  t h e  s c r e e n  
o f  t h e  c o m p u t e r ,  c a n  b e  a d j u s t e d  by  m o v in g  t h e  m a g n e t  f o r w a r d  and  
b a c k w a r d  to  g i v e  t h e  opt imum d i s t a n c e  a t  t h e  p o i n t  o f  maximum 
g r a d i a n t  w h i c h  c a n  b e  t a k e n  f r o m  t h e  c h a r t  i n  F i g .  6 . 7 .  T h e r e a f t e r  
t h e  l o o p  m a i n t a i n s  t h e  t e s t  s p e c i m e n  d i a m e t e r  by  c h a n g i n g  th e  
l a t e r a l  p r e s s u r e  t o  m a i n t a i n  t h e  same r e a d i n g  t h r o u g h o u t  t h e  t e s t  
( w h i c h  g i v e s  t h e  same d i s t a n c e  b e t w e e n  t h e  m a g n e t  an d  t h e  H a l l  e f f e c t  
d e v i c e )  w h i c h  l e a d s  t o  no c h a n g e  i n  t h e  c a l i p e r  an d  t h e  s p e c i m e n  
d i a m e t e r .  The  r a t e  o f  s t r a i n  u s e d  was  c h o s e n  t o  b e  s l o w  e no u gh  t o  
a l l o w  c o m p l e t e  d i s s i p a t i o n  o f  e x c e s s  p o r e  p r e s s u r e s ,  an d  t e s t s  
g e n e r a l l y  t o o k  b e t w e e n  6 h r s  and  12 h r s .  D u r i n g  t h e  t e s t , r e a d i n g s  
o f  t h e  p r o v i n g  r i n g  d i a l  g a u g e ,  a x i a l  d e f o r m a t i o n  d i a l  g a u g e ,  t h e
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two b u r e t t e s ,  t h e  c e l l  p r e s s u r e  and  t h e  b a c k  p r e s s u r e  w e r e  t a k e n
a t  r e g u l a r  i n t e r v a l s .  The  r e a d i n g s  o f  t h e  c e l l  and  b a c k  p r e s s u r e
w e r e  d i s p l a y e d  on t h e  s c r e e n  o f  t h e  c o m p u t e r  and c o u l d  be  p r i n t e d
a u t o m a t i c a l l y  on  t h e  p r i n t e r .  The  ^ - c o n s o l i d a t i o n  s t a g e  was
s t o p p e d  when t h e  c e l l  p r e s s u r e  r e a c h e d  t h e  r e q u i r e d  v a l u e  ( u p  to  
2
900 kN/m ) and  t h e  t e s t  r e v e r s e d  t o  g i v e  a KQ- s w e l l i n g  s t a g e  w h i c h  
c o u l d  be  t e r m i n a t e d  a t  a n y  v a l u e  ( down  t o  z e r o  l a t e r a l  s t r e s s ) ,  a s  
a t e n s i o n  c a p  was  a l w a y s  u s e d  d u r i n g  t h e  t e s t ,  t o  a l l o w  t h e  t e s t  t o  
be  c o n t i n u e d  a f t e r  c r o s s i n g  t h e  i s o t r o p i c  s t r e s s  l i n e .  S e v e r a l  
t e s t s  w e r e  c a r r i e d  o u t  on  s a m p l e s  o f  L e i g h t o n  B u z z a r d  s a n d  h a v i n g  
t h e  same d e n s i t y  t a k e n  t o  d i f f e r e n t  maximum v e r t i c a l  e f f e c t i v e  
s t r e s s  and  b a c k  t o  z e r o  v e r t i c a l  e f f e c t i v e  s t r e s s  and  a  f e w  t e s t s  
on t h e  same s a n d  w i t h  d i f f e r e n t  d e n s i t i e s .  A l l  t h e  r e s u l t s  a r e  
s a v e d  i n  c a r t r i d g e s  and  c a n  be  p r o c e s s e d  a t  a n y  t i m e  a s  w i l l  be  
shown i n  C h a p t e r  7 .
6 . 4  DYNAMIC PENETRATION TESTS
S e v e n t y  s i x  d i f f e r e n t  dynam ic  p e n e t r a t i o n  l a b o r a t o r y  t e s t s  
w e r e  c a r r i e d  o u t  on  two t y p e s  o f  s a n d .  The  f i r s t  t h r e e  t e s t s  w e r e  
p e r f o r m e d  on W o o l w i c h  G r e e n  s and  t h e  c h a r a c t e r i s t i c s  o f  w h i c h  w e r e  
g i v e n  i n  s e c t i o n  6 . 1 , t h e  r e s t  w e r e  c a r r i e d  o u t  on f i n e  u n i f o r m  
L e i g h t o n  B u z z a r d  s a n d  d e s c r i b e d  i n  s e c t i o n  6 . 2 .  F i f t y  f o u r  o f  
t h e  t o t a l  number  o f  t h e  t e s t s  w e r e  c a r r i e d  o u t  on  a s a t u r a t e d  f i n e  
u n i f o r m  L e i g h t o n  B u z z a r d  s a n d  h a v i n g  an  a p p r o x i m a t e l y  c o n s t a n t  
d e n s i t y .  The  s p e c i m e n s  w e r e  p r e p a r e d  e x a c t l y  by  f o l l o w i n g  same  
t e c h n i q u e  o f  d e p o s i t i o n  and  a p p l y i n g  t h e  same v i b r a t i o n  on  t h e  
m ould  d u r i n g  t h e  p r e p a r a t i o n .  T h i s  d r y  d e n s i t y  was c a l c u l a t e d  t o  
b e  1 . 5 3 - 1 . 5 6  Mg/m3 , and  i t  w i l l  b e  r e f e r r e d  t o  a l w a y s  a s  t h e  
f i x e d  s i n g l e  d e n s i t y .  A l l  t h e  s p e c i m e n s  w e r e  p r e p a r e d  i n s i d e  t h e  
U n i v e r s i t y  o f  S u r r e y  c a l i b r a t i o n  c ha m b e r  d e s c r i b e d  i n  d e t a i l  i n
197
C h a p t e r  3 an d  shown i n  F i g .  3 . 1 4  o f  t h i s  t h e s i s .  O n l y  two  m i n o r  
a l t e r a t i o n s  w e r e  made to  t h e  c h a m b e r  w h i c h  w e r e  f i r s t l y , c h a n g i n g  
t h e  l o w e r  p l a t e  t o  o n e  10 mm t h i c k ,  made  o f  a l u m i n i u m ,  a n d  s e c o n d l y  
o m m i t t i n g  t h e  u s e  o f  two p r e s s u r e  t r a n s d u c e r s  w h i c h  w e r e  f i x e d  t o  
c h e c k  t h e  n e g a t i v e  p o r e  p r e s s u r e  w h i l e  a p p l y i n g  s u c t i o n  t o  t h e  
s p e c i m e n s .  I n s t e a d  t h e  c h e c k  wa s  d o n e  b y  w a t c h i n g  t h e  p r e s s u r e
g a u g e  on t h e  s u c t i o n  pump and  a s s u r i n g  t h a t  t h e  d r a i n a g e  o f  t h e
e x c e s s  w a t e r  f r o m  t h e  s a m p l e  s t o p p e d  w h i l e  a p p l y i n g  t h e  s u c t i o n .
The  met ho d  o f  u s i n g  t h e  p e r f o r a t e d  pan  f o r  r a i n i n g  t h e  s a m p l e  
i n s i d e  t h e  cha m b e r  d e s c r i b e d  i n  C h a p t e r  3 wa s  p e r f e c t  f o r  t h e  
f i n e  u n i f o r m  L e i g h t o n  B u z z a r d  s and  a s  i t  p r o d u c e d  a v e r y  u n i f o r m l y  
d e p o s i t e d  s a t u r a t e d  s a n d  s p e c i m e n .  The  d e n s i t i e s  w e r e  c h e c k e d  by  
t a k i n g  s a m p l e s  a t  d i f f e r e n t  d e p t h s  a f t e r  d e p o s i t i o n  u s i n g  s m a l l  
c a l i b r a t e d  c o n t a i n e r s  p l a c e d  i n s i d e  t h e  ch a m b e r  w h i l e  r a i n i n g  t h e  
s a n d .  The  p e r f o r a t e d  pan  d i d  n o t  w o r k  w h i l e  d e p o s i t i n g  t h e  c o a r s e
g r a d e d  W o o l w i c h  G r e e n  s a n d  a s  t h e  s a t u r a t e d  c o a r s e  s a n d  w a s  a r c h i n g
on t o p  o f  t h e  h o l e s  i n  t h e  pan  and  s t o p p e d  m o v i n g .  T h e r e f o r e  a 
c o m b i n a t i o n  o f  f u n n e l s  was  c o n s t r u c t e d  f o r  t h i s  p u r p o s e ,  a s  shown  
i n  F i g .  6 . 9 .  The  f u n n e l s  p r o v e d  t o  b e  s a t i s f a c t o r y .  The  same  
c o m b i n a t i o n  o f  t h e  f r a m e ,  t r i p  hammer , f a l l i n g  w e i g h t ,  and  t h e  s l i d e  
f o r  a p p l y i n g  t h e  d y n a m ic  e n e r g y  on  t h e  p e n e t r o m e t e r  was  u s e d  a s  
e x p l a i n e d  i n  C h a p t e r  2 and  shown i n  F i g .  2 . 6 .  S i x  p e n e t r o m e t e r s  
o f  d i f f e r e n t  d i a m e t e r s  and  c o n s t a n t  h e i g h t  w e r e  u s e d  f o r  d i f f e r e n t  
t y p e s  o f  t e s t s .  A H  o f  them w e r e  m a n u f a c t u r e d  w i t h i n  t h e  C i v i l  
E n g i n e e r i n g  D e p a r t m e n t ,  U n i v e r s i t y  o f  S u r r e y .  The  20 mm d i a m e t e r  
p e n e t r o m e t e r  was  u s e d  by  a p r e v i o u s  r e s e a c h e r  i n  t h e  D e p a r t m e n t .
I t s  d e t a i l  a r e  shown i n  F i g .  2 . 5 .  The  25 mm p e n e t r o m e t e r  was  d e s i g n e d  
and  b u i l t  f o r  t h e  p u r p o s e  o f  t h i s  r e s e a r c h  a s  w i l l  be  e x p l a i n e d  
i n  d e t a i l  l a t e r ,  and  t h e  o t h e r  f o u r  p e n e t r o m e t e r s  w e r e  made o f  
s o l i d  s t e e l  w i t h  d i a m e t e r s  6 . 3 5 ,  9 . 5 ,  3 7 . 5  and  4 4 . 4  mm. T he y
0 45 m
0 35 m
-H
b. Photograph of the Funnels 
Fig. 6 9 Combination of Funnels for the Sand Raining
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w e r e  b u i l t  t o  c h e c k  t h e  s c a l e  e f f e c t  on  t h e  p e n e t r a t i o n  r e s i s t a n c e .  
E l e c t r o n i c  a p p a r a t u s  w a s  a s s e m b l e d  t o  t a k e  d a t a  r e a d i n g s  f r o m  two  
t r a n s d u c e r s ,  s a v e  them i n  c a r t r i d g e s  and p l o t  o r  p r i n t  t h e  r e s u l t s  
u s i n g  a d e s k t o p  c o m p u t e r ,  a s  w i l l  b e  e x p l a i n e d  l a t e r  i n  t h i s  c h a p t e r .
6 . 4 . 1  P e n e t r o m e t e r  To Accomm odate  Two T r a n s d u c e r s  o r  T r a n s d u c e r
And A c c e l e r o m e t e r
A t w e n t y f i v e  m i l l i m e t e r  d i a m e t e r  by  200 mm h i g h  p e n e t r o ­
m e t e r  was d e s i g n e d  and  m a n u f a c t u r e d  t o  ac com modate  a c o m b i n a t i o n  
o f  two t r a n s d u c e r s  o r  t r a n s d u c e r  and  a c c e l e r o m e t e r  a t  t h e  same  
t i m e  a s  shown i n  d e t a i l  i n  F i g .  6 . 1 0 .  Many t r i a l s  f a i l e d  t o  
b u i l d  a 20 mm d i a m e t e r  p e n e t r o m e t e r  f o r  t h e  same p u r p o s e .  The  
p e n e t r o m e t e r  made o f  s t a i n l e s s  s t e e l  r o d ,  c o n s i s t s  o f  many s e c t i o n s  
w h i c h  c an  b e  c o n n e c t e d  t o g e t h e r - t o  f o rm  t h e  r e q u i r e d  o p t i o n  
f o r  d i f f e r e n t  t e s t s .  I t  c a n  h a v e a 6 0 °  a p e x  co n e  a t  t h e  t i p  made  
o f  p o r o u s  s t o n e  and  c o n t a i n i n g  a p o r e  w a t e r  p r e s s u r e  t r a n s d u c e r ,  
w i t h  c y l i n d r i c a l  p o r o u s  s t o n e  a t  t h e  s i d e  o f  t h e  p e n e t r o m e t e r  a t  
a d i s t a n c e  o f  50 mm f r o m  t h e  t i p  w i t h  a p r e s s u r e  t r a n s d u c e r  b e h i n d  
i t .  The  s e c o n d  o p t i o n  i s  t o  h a v e  a s o l i d  c o n i c a l  o r  f l a t  s t a i n l e s s  
s t e e l  t i p  w i t h  s i d e  p o r o u s  s t o n e  and t r a n s d u c e r  a t  a d i s t a n c e  o f  o n e  
d i a m e t e r  f r o m  t h e  t i p .  The  a c c e l e r o m e t e r  i n  t h i s  o p t i o n  . c an  o n l y  
b e  f i x e d  on t o p  o f  t h e  p e n e t r o m e t e r  u n d e r  t h e  s t r i k i n g  p l a t e .  The  
t h i r d  o p t i o n  : i s  t o  h a v e  t h e  t r a n s d u c e r  a t  t h e  t i p  o f  t h e  p e n e t r o ­
m e t e r  and t h e  a c c e l e r o m e t e r  i n s i d e  t h e  p e n e t r o m e t e r  a t  a d i s t a n c e  
o f  2 d i a m e t e r s  f r o m  t h e  t i p .  O n l y  two e l e c t r i c a l  c a b l e s  c a n  b e  
t a k e n  t h r o u g h  t h e  p e n e t r o m e t e r  f o r  r e a d i n g .  M i n i a t u r e  p o r e  p r e s s u r e  
t r a n s d u c e r s  ( D r u c k  PDCR81) w i t h  a maximum c a p a c i t y  o f  7 b a r s  o r  
35 b a r s  w i t h  10 v o l t s  maximum s u p p l y  and s e n s i t i v i t y  v a r y i n g  
b e t w e e n  2 .1  t o  2 . 3 5  m v / v / b a r ,  w e r e  u s ed  i n s i d e  t h e  p e n e t r o m e t e r .
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FIG: 6 .10 Penetrometer to accommodate two P.W.P. transducers or 
transducer and accelerometer
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The a c c e l e r o m e t e r s  u s e d  on  t o p  an d  i n s i d e  t h e  p e n e t r o m e t e r  w e r e  o f  
t y p e s  A/20 and  A /23/TS  r e s p e c t i v e l y  o f  g e n e r a l  p u r p o s e  " K o n i c " ,  
s u p p l i e d  by D . J  B i r c h a l l  L t d .  f o r  v i b r a t i o n  m e a s u r i n g  e q u i p m e n t  
The c a b l e s  u s e d  f o r  c o n n e c t i n g  t h e  a c c e l e r o m e t e r  w i t h  t h e  c h a r g e  
a m p l i f i e r  w e r e  o f  t y p e  J l / 3 ( 2  m m ) . C o - a x i a l  s c r e e n e d  l o w  n o i s e  
P . T . F . E .  i n s u l a t e d  c a b l e ,  f i t t e d  w i t h  two  m i c r o d o t  c o n n e c t o r s  t y p e  
0 3 2 - 0 0 2 1 - 0 0 0 1 ,  w h i c h  w e r e  p r o d u c e d  by  t h e  same m a n u f a c t u r e r s  
m e n t i o n e d  a b o v e ,  w e r e  u s e d  t o  c o n n e c t  t h e  a c c e l e r o m e t e r  t o  t h e  
c h a r g e  a m p l i f i e r .
6 . 4 . 2  E q u ip m e n t  And I n s t r u m e n t a t i o n  F o r  T a k i n g  And R e c o r d i n g
R e a d i n g s  From T r a n s d u c e r s  And  A c c e l e r o m e t e r
F i g .  6 . 11  sho ws  i n  d e t a i l  t h e  e q u i p m e n t  and  t h e  i n s t r u m e n t s
u s e d  t o  r u n  p e n e t r a t i o n  t e s t s  on  460 mm d i a m e t e r  by  660 mm h i g h
s p e c i m e n  o f  s a n d  i n s i d e  a t r i a x i a l  c h a m b e r ,  u n d e r  d i f f e r e n t  s t r e s s  
p a t h s  w i t h  p o r e  w a t e r  p r e s s u r e  m e a s u r e m e n t  a t  two p o s i t i o n s  
p e n e t r o m e t e r  and  t o  m e a s u r e  t h e  a c c e l e r a t i o n  o f  t h e  p e n e t r o m e t e r .
I t  a l s o  i n c l u d e s  t h e  i n s t r u m e n t a t i o n  f o r  r e c i e v i n g ,  c o n  e t i n g ,  
r e c o r d i n g  s a v i n g  and  p l o t t i n g  t h e  r e s u l t s .  The  c a l i b r a t i o n  c h a m b e r ,  
p e n e t r a t i o n  d e v i c e s ,  an d  o t h e r  s t a n d a r d  l a b o r a t o r y  e q u i p m e n t  a r e  
a l l  e x p l a i n e d  i n  d e t a i l  i n  c h a p t e r  two an d  t h r e e  o f  t h i s  t h e s i s  
and  by  D i k r a n  ( 1 9 8 3 ) .  Two m o d u l e s  o f  t h e  I E E E - 4 8 8  c o m p a t  b l e  
s t r a i n  g a u g e  a m p l i f i e r  w e r e  u s e d  t o  l i n k  t h e  t r a n s d u c e r s  t o  t h e  
t r a n s i e n t  r e c o r d e r ,  an d  a two c h a n n e l  c h a r g e  a m p l i f i e r  t y p e  CA/01 
s u p p l i e d  by  ( D . J .  B i r c h a l l  L t d . )  w a s  u s e d  t o  l i n k  t h e  a c c e l e r o m e t e r  
t o  t h e  t r a n s i e n t  r e c o r d e r .  ..An " 0 S 2 5 5 "  D u a l  T r a c e  O s c i l l o s c o p e  was  
u s e d  t h r o u g h o u t  t h e  t e s t s ,  w h e r e  t h e  f u l l  8 x 10 cm r e c t a n g u l a r  t u b e  
p r o v i d e s  a b r i g h t  d i s p l a y  a g a i n s t  t h e  c a l i b r a t i o n  g r a t i c u l e .
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1 -  10 Kg. T R IP  HAMMER
2 - 2 5  nm. PENETROMETER
3 -  T R IA X IA L  CHAMBER
4 -  A IR  COMPRESSOR
5 -  COMPRESSED A IR  LUBRICATOR
6 -  BLADDERS
7 -  READ OUT U N IT
8 -  ST R A IN  GAUGE A M P L IF IE R
9 -  CHARGE A M P L IF IE R
1 0 -  TRANSIENT RECORDER <DL902>
1 1 -  DUAL TRACE OSCILLOSCOPE
1 2 -  DESK-TOP COMPUTER <H P9825A)
1 3 -  HP CARTRIDGES
1 4 -  4-COLOUR PLOTTER <HP9872A>
12
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6 . 4 . 2 . 1  T r a n s i e n t  R e c o r d e r  D . L .  902
Th e  DL 902 t r a n s i e n t  R e c o r d e r  u s e d  i n  t h i s  w o r k  i s  a 
d i g i t a l  i n s t r u m e n t  d e s i g n e d  t o  c a p t u r e  s i n g l e  s h o t  o r  l o w  r e p e t i ­
t i o n  e v e n t s  and  p r e s e n t  them i n  d i f f e r e n t  w a y s .  The i n s t r u m e n t  
f e a t u r e s  tw o  i n d e p e n d e n t  s i g n a l  i n p u t s .  Each s i g n a l  i s  r e c o r d e d  
s i m u l t a n e o u s l y  i n  a 2048 s a m p l e  memory .  Once  t h e  w a v e f o r m  has  
b e e n  d i g i t i s e d  and  s t o r e d  i n  t h e  memory ,  i t  w i l l  r e m a i n  t h e r e  
p e r m a n e n t l y  u n l e s s  a  f r e s h  r e c o r d  h a s  t o  b e  t a k e n  o r  p o w e r  i s  
r e m o v e d  f r o m  t h e  i n s t r u m e n t .  By  c o n n e c t i n g  t h e  DL 902 t o  t h e  
o s c i l l o s c o p e ,  e a c h  s i g n a l  i s  s u s t a i n e d  on t h e  s c r e e n  u n t i l  t h e  
n e x t  o n e  r e p l a c e s  i t .  The  t r a n s i e n t  r e c o r d e r  beco mes  a h i g h  
s p e e d  d a t a  a c q u i s i t i o n  p e r i p h e r a l  by  c o n n e c t i n g  i t  t o  a p r o g r a ­
m m a b l e  c a l c u l a t o r  o r  m i c r o c o m p u t e r .  To  o p e r a t e  t h e  t r a n s i e n t  
r e c o r d e r ,  t h e  c o n t r o l s  a r e  l a b e l l e d  i n  a w ay  t h a t ,  t h e  d e l a y  
c o n t r o l l e r ,  t i m e b a s e ,  t r i g g e r ,  an d  i n p u t  g a i n  s e l e c t o r s  a l l  
a p p a r e n t .  D u r i n g  r e c o r d i n g ,  e a c h  s a m p l e  o f  t h e  s i g n a l  i s  c o n v e r t e d  
i n t o  a d i g i t a l  number  and  s t o r e d  in.. t h e  memory .  T h e r e  a r e  2048 8 b i t  
w o r d s  o f  memory p e r  i n p u t ,  an d  a m p l i t u d e  r e s o l u t i o n  i s  t o  o n e  p a r t  
i n  256 (8 b i t s ) .  D a t a  f r o m  e a c h  memory  i s  r e - c o n s t r u c t e d  v i a  a  
d i g i t a l - t o - a n a l o g u e  c o n v e r t e r  a s  a r e p e a t i n g  s e q u e n c e  o f  2 0 4 8 -  
a n a l o g u e  v a l u e s ,  s o  t h a t  t h e  r e - c o n s t r u c t e d  w a v e f o r m  may b e  v i e w e d  
c o n t i n u o u s l y  by  c o n n e c t i n g  an  o s c i l l o s c o p e  t o  t h e  "Y  D i s p l a y "  o u t p u t  
t e r m i n a l s .
6 . 4 . 2 . 2  P r o c e s s i n g  The  R e s u l t s
A H e w l e t t  - P a c k a r d  9825 A c a l c u l a t o r  was  u s e d  t o  r e c i e v e  
t h e  r e s u l t s  f r o m  t h e  T r a n s i e n t  R e c o r d e r  an d  s a v e  them i n  c a r t r i d g e s  
w i t h  f i l e s  c o n t a i n i n g  t h e  r e s u l t s  o f  two c h a n n e l s  e a c h .  The  same  
c o m p u t e r  w a s  p rogr ammed  t o  p r i n t  o u t  t h e  r e s u l t s  o r  t o  p l o t  them
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a s  r e q u i r e d .  A s p e c i a l  p rogr amme was  w r i t t e n  f o r  t h e  same c o m p u t e r  
t o  t a k e  t h e  a v e r a g e  o f  t h e  r e s u l t s  o f  many b l o w s  and  p l o t  them i n  
o n e  c h a r t  s h o w in g  t h e  a v e r a g e  p o r e  w a t e r  p r e s s u r e  i n  kN/m2 v e r s u s  
t i m e  i n  m i l l i s e c o n d s .  H a rd  c o p i e s  o f  t h e  progr ammes  a r e  shown i n  
A p p e n d i x  I .  F i g .  6 . 1 2  shows  p h o t o g r a p h s  o f  s i x  c u r v e s  p h o t o g r a p h e d  
f r o m  t h e  o s c i l l o s c o p e  f o r  t h e  c a l i b r a t i o n  c u r v e  e q u i v a l a n t  t o  
100 k'Pa and  t h e  p o r e  w a t e r  p r e s s u r e  f o r  b l o w s  N o .  1 t o  5 o f  t e s t  
No .  2 .  F i g .  6 . 1 3  shows  t h e  p o r e  w a t e r  p r e s s u r e  c u r v e s  p l o t t e d  
f r o m  t h e  r e s u l t s  s a v e d  i n  t h e  c a r t r i d g e s  i n  te rm  o f  B i t s  v e r s u s  
T r a n s i e n t  r e c o r d e r  r e a d i n g  N o .  f o r  b l o w s  N o . l  t o  5 and  t h e  T r a n s i e n t  
R e c o r d e r  T ime b a s e  f o r  e a c h  c u r v e  i s  p r i n t e d  b e s i d e  t h e  g r a p h  w h i c h  
w as  f i x e d  on  t h e  t r a n s i e n t  r e c o r d e r  d u r i n g  t h e  t e s t .  F i g .  6 . 1 4  
show s  f i v e  c u r v e s  o f  t h e  p o r e  w a t e r  p r e s s u r e  i n  kN/m v e r s u s  t i m e  
i n  m i l l i s e c o n d s  f o r  b l o w s  N o .  1 t o  5 w h e r e  t h e  c o n v e r s i o n  f a c t o r  
f r o m  t h e  c a l i b r a t i o n  c u r v e  wa s  u s e d  and  t h e  t im e  was  c a l c u l a t e d  
f r o m  t h e  T r a n s i e n t  r e c o r d e r  t i m e  b a s e  u s i n g  a programm e m e n t i o n e d  
b e f o r e  , a h a r d  c o p y  o f  w h i c h  c a n  b e  s e e n  i n  A p p e n d i x  I .
6 . 4 . 2 . 3  C a l i b r a t i o n  O f  The  T r a n s d u c e r s
In  a d d i t i o n  t o  t h e  c a l i b r a t i o n  c e r t i f i c a t e  o f  t h e  t r a n s d u c e r s
w h i c h  i s  p r o v i d e d  by  t h e  s u p p l i e r s ,  i t  was  d e c i d e d  t o  c a l i b r a t e  t h e  
t r a n s d u c e r s  a f t e r  t h e y  w e r e  p o s i t i o n e d  i n s i d e  th e  p e n e t r o m e t e r ,  
u s i n g  h y d r o s t a t i c  p r e s s u r e  a p p l i e d  by  means  o f  a d e a d  l o a d  d e v i c e .
F i g .  6 . 1 5  shows  t h e  d e t a i l  o f  t h e  p e r s p e x  ’w a t e r t i g h t  c y l i n d e r  
u s e d  t o  a c c o m o d a t e  t h e  l o w e r  p a r t  o f  t h e  p e n e t r o m e t e r  c o n t a i n i n g  
t h e  t r a n s d u c e r s ,  and  how i t  i s  c o n n e c t e d  t o  t h e  d e a d  l o a d  c a l i b r a t o r .
Two o f  t h e s e  c y l i n d e r s  w e r e  b u i l t  i n  t h e  C i v i l  E n g i n e e r i n g  D e p a r t m e n t
w o r k  s h o p ,  o n e  f o r  t h e  20 mm p e n e t r o m e t e r  and  t h e  o t h e r  f o r  t h e  25 mm
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o n e .  B e f o r e  r u n n i n g  any  p e n e t r a t i o n  t e s t  w i t h  p o r e  w a t e r  p r e s s u r e
m e a s u r e m e n t ,  t h e  p e n e t r o m e t e r s  w e r e  c a l i b r a t e d  u n d e r  100 kN/m2
h y d r o s t a t i c  p r e s s u r e .  The  t r a n s d u c e r s  w e r e  c o n n e c t e d  t o  t h e  s y s t e m
e x p l a i n e d  b e f o r e  and  t h e  p r e s s u r e  a p p l i e d  a n d  d i s p l a y e d  on  t h e
o s c i l l o s c o p e .  U s i n g  a s a m p l e  r a t e  o f  5000 ms p e r  p o i n t  on  t h e
T r a n s i e n t  r e c o r d e r  t h e  p r e s s u r e  w a s  r e l e a s e d  t o  z e r o  and  a l s o
d i s p l a y e d  on t h e  o s c i l l o s c o p e ,  a s  shown i n  F i g .  6 . 1 2 .  Two h o r i z o n t a l
2
l i n e s  w e r e  f o r m e d  one  f o r  100 -kN/m , a n d  t h e  o t h e r  f o r  z e r o  p r e s s u r e .
The  r e s u l t s  w e r e  s a v e d  i n  t h e  c a r t r i d g e s  u n d e r  two c h a n n e l s  e a c h
f o r  o n e  t r a n s d u c e r .  By p r o c e s s i n g  t h e  r e s u l t s  t h e  number  o f  b i t s
2
e q u i v a l e n t  t o  100 kN/m w as  f o u n d .  U s u a l l y  t h e  c u r v e  was  s e t  on
2
t h e  m i d d l e  o f  t h e  s c r e e n  w h i c h  means  t h a t  100 kN/m i s  e q u i v a l e n t  
t o  125 b i t s ,  b u t  a f t e r  p l o t t i n g  t h e  r e s u l t s ,  t h i s  number  v a r i e d  
f r o m  100 t o  150 b i t s .  T h i s  w a s  u s e d  a s  t h e  b a s i s  o f  c o n v e r t i n g  
t h e  b i t s  t o  p r e s s u r e  on t h e  p ro g ra m m e  w r i t t e n  f o r  t h i s  p u r p o s e .
F i g .  6 . 1 6  shows  an  e x a m p l e  o f  t h e  c a l i b r a t i o n  r e s u l t s .
6 . 4 . 3  T e s t i n g  P rogr am me ( W o o l w i c h  G r e e n  S a n d )
To  s t u d y  some o f  t h e  f a c t o r s  a f f e c t i n g  d y n a m ic  p e n e t r a t i o n  
r e s i s t a n c e  o f  s a t u r a t e d  W o o l w i c h  G r e e n  g r a d e d  c o a r s e  s a n d ,  t h r e e  
d y n a m ic  p e n e t r a t i o n  t e s t s  w e r e  c a r r i e d  o u t  i n  t h e  l a r g e  t r i a x i a l  
c h a m b e r .  The  a im  o f  t h e s e  t e s t s  was  t o  s t u d y  t h e  e f f e c t s  o f  t h e  
f o l l o w i n g  v a r i a b l e s  on p e n e t r a t i o n  r e s i s t a n c e .
S p e c i m e n  d e n s i t y .
S p e c i m e n  u n i f o r m i t y .
S p e c i m e n  g r a d i n g .
S t r e s s  l e v e l .
P o r e  w a t e r  p r e s s u r e s  g e n e r a t e d  d u r i n g  d y n a m ic  p e n e t r a t i o n .  The  
f i r s t  t e s t  on  s p e c i m e n  N o .  1 w a s  c a r r i e d  o u t  i n i t i a l l y  t o  g e t  
u s e d  t o  t h e  a p p a r a t u s  a n d  l e a r n  how t o  f o r m  a s p e c i m e n  o f  a c e r t a i n
B
its
 
B
it
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d e n s i t y ,  p e r f o r m i n g  t h e  dynam ic  p e n e t r a t i o n  t e s t ,  and  m e a s u r i n g  
t h e  p o r e  w a t e r  p r e s s u r e  g e n e r a t e d  d u r i n g  t h e  d yn am ic  p e n e t r a t i o n  
t e s t s .  A c o m b i n a t i o n  o f  f u n n e l s  w a s  u s e d  f o r  u n i f o r m  d e p o s i t i o n  
o f  s a n d  an d  p h o t o g r a p h s  f r o m  t h e  o s c i l l o s c o p e  w e r e  t a k e n  f o l l o w i n g  
t h e  same p r o c e d u r e  u s e d  by  D i k r a n  ( 1 9 8 3 )  w h i c h  i s  e x p l a i n e d  i n  d e t a i l  
i n  C h a p t e r  3 .  A l o o s e  s p e c im e n  w as  t e s t e d  w i t h  a  r e l a t i v e  d e n s i t y  
o f  42%,  n o r m a l l y  c o n s o l i d a t e d  u n d e r  a v ' = 6 0  kN/m2 and  o j  = 3 0  kN/m2 .
T e s t  N o .  2 was  p e r f o r m e d  on  s p e c i m e n  N o .  2 o f  v e r y  d e n s e  
g r a d e d  s a t u r a t e d  W o o l w i c h  G r e e n  s a n d  d e p o s i t e d  u s i n g  t h e  same  
m eth od  m e n t i o n e d  b e f o r e  and  c o m p a c t e d  by  p o k e r  v i b r a t o r .  The  
s p e c i m e n  had a d r y  d e n s i t y  o f  1 . 7 9  Mg/m3 , r e l a t i v e  d e n s i t y  o f  
96% and  i t  was  n o r m a l l y  c o n s o l i d a t e d  u n d e r  a v ' =  150 kN/m2 and  
a ^ 1 = 50 kN/m2 . The  20 mm d i a m e t e r  p e n e t r o m e t e r  e x p l a i n e d  i n  
C h a p t e r  2 w as  u s e d  t h r o u g h  t h e  89 b l o w s  o f  t h e  t e s t  and  t h e  p o r e  
w a t e r  p r e s s u r e  r e a d i n g s  b e l o w  t h e  t i p  o f  t h e  p e n e t r o m e t e r  w e r e  
r e c o r d e d  on one  c h a n n e l  and s a v e d  i n  two c a r t r i d g e s  o f  50 f i l e s  
e a c h * 24 p h o t o g r a p h s  f o r  t h e  p o r e  w a t e r  p r e s s u r e  f r o m  t h e  o s c i l l o s c o p e  
w e r e  t a k e n  t o  c o m p a re  them w i t h  t h e  r e s u l t s  f r o m  t h e  p l o t t e r  f o r  
t h e  same number  o f  b l o w s ,  a s  shown i n  F i g .  6 . 1 2 ,  6 . 1 3  an d  6 . 1 4 .
T e s t  N o .  3 was  p e r f o r m e d  on s p e c i m e n  N o .  3 o f  d e n s e  g r a d e d  s a t u r a t e d  
W o o l w i c h  G r e e n  s a n d  c o m p a c t e d  by  t a m p i n g  u s i n g  20 ;mm r o d .  The  d r y  
d e n s i t y  o f  t h e  s p e c i m e n  was  1 . 6 3 6  Mg/m3 an d  i t  w a s  n o r m a l l y  c o n s o l i d a t e d  
u n d e r  a v ' = 1 0 0  kN/m2 and  o /  = 50 kN/m2 . The  25 mm d i a m e t e r  
p e n e t r o m e t e r  w i t h  two p o r e  w a t e r  p r e s s u r e  t r a n s d u c e r s  w a s  u s e d  
t h r o u g h o u t  t h e  74 b l o w s  o f  t h i s  t e s t  and  t h e  r e s u l t s  w e r e  s a v e d  
i n  two c a r t r i d g e s  c o n t a i n i n g  50 f i l e s  e a c h  w i t h  two  c h a n n e l s .
The  r e s u l t s  o f  t h e s e  t e s t s  a r e  shown i n  C h a p t e r  7 .
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6 . 4 . 4  P o r e  W a t e r  P r e s s u r e  on t h e  T i p  a n d  t h e  S i d e  o f  t h e  P e n e t r o m e t e r
( LEIGHTON BUZZARD SA N D )
I t  w a s  d e c i d e d  t o  c o n c e n t r a t e  on o n e  t y p e  o f  s a n d  h a v i n g  
t h e  same d e n s i t y  t o  s t u d y  some o t h e r  f a c t o r s  a f f e c t i n g  t h e  p e n e t r a ­
t i o n  r e s i s t a n c e  and  t h e  c o m p r e s s i b i l i t y  o f  g r a n u l a r  m a t e r i a l .  S a m p l e  
o f  f i n e  u n i f o r m  L e i g h t o n  B u z z a r d  s a n d ,  a s  e x p l a i n e d  i n  s e c t i o n  6 . 2 ,  
w as  u s e d  t h r o u g h  t h e  r e s e a r c h  m o s t l y  w i t h  t h e  same d e n s i t y .  T h r e e  
t e s t s  ( N o .  4 , 5  and  6 ) w e r e  p e r f o r m e d  on two s a t u r a t e d  s p e c i m e n s  
( N o .  4 and  5 )  o f  t h e  same s a n d  w i t h  t h e  same d e n s i t y  ( 1 . 5 5  Mg/m3 ) 
u n d e r  t h e  same s t r e s s  p o i n t  ( a v * = 100 kN/m2 and  = 50 kN/m2 ) .
A 25 mm d i a m e t e r  p e n e t r o m e t e r  was  u s e d  f o r  t h e  t h r e e  t e s t s .  In  
t e s t  N o .  4 t h e  t r a n s d u c e r s  w e r e  a r r a n g e d  t o  r e a d  t h e  p o r e  w a t e r  
p r e s s u r e s  a r o u n d  t h e  t i p  and a t  a d i s t a n c e  o f  two d i a m e t e r s  ( 50  mm) 
f r o m  t h e  t i p .  The  r e s u l t s  w e r e  r e c o r d e d  and  s a v e d  i n  c a r t r i d g e s .
Each f i l e  has  two  c h a n n e l s  o ne  f o r  t h e  t i p  a n d  t h e  o t h e r  f o r  t h e  
s i d e .  T e s t  N o .  5 w a s  p e r f o r m e d ,  w i t h  t h e  s o l i d  c o n e  f i x e d  on  th e  
t i p  o f  t h e  p e n e t r a t i o n  s o  t h a t  t h e  s i d e  t r a n s d u c e r  was  a t  one  
d i a m e t e r  d i s t a n c e  f r o m  t h e  t i p .  The  r e s u l t s  w e r e  s a v e d  i n  a c a r t ­
r i d g e  w i t h  a s i n g l e  c h a n n e l  f i l e .  The  p e n e t r a t i o n  r e s u l t s  w e r e  
a l s o  r e c o r d e d .  T e s t  N o .  6 w a s  s i m i l a r  t o  t e s t  N o .  4 w i t h  t i p  and  
s i d e  t r a n s d u c e r s  p e r f o r m e d  on s p e c i m e n  N o .  5 .  The  r e s u l t s  o f  
t h e s e  t e s t s  a r e  d i s c u s s e d  i n  C h a p t e r  7 a n d  8 .
6 . 4 . 5  P e n e t r a t i o n  T e s t s  on L o o s e  L e i g h t o n  B u z z a r d  Sand
T e s t  N o .  8 and  9 w e r e  p e r f o r m e d  on s p e c i m e n  N o .  7 o f  l o o s e  
u n i f o r m  s a t u r a t e d  L e i g h t o n  B u z z a r d  s a n d .  T he  s a n d  was  d e p o s i t e d  
u s i n g  t h e  same t e c h n i q u e  m e n t i o n e d  b e f o r e  a v o i d i n g  any  v i b r a t i o n  
o r  a n y  c o m p a c t i o n .  The  d r y  d e n s i t y  w a s  1 . 4 1 5  Mg/m and  t h e
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r e l a t i v e  d e n s i t y  c a l c u l a t e d  t o  b e  30%. The  s p e c i m e n  was  c o n s o l i d a t e d  
by  i n c r e a s i n g  t h e  v e r t i c a l  and  h o r i z o n t a l  e f f e c t i v e  s t r e s s e s  
g r a d u a l l y  and  s l o w l y  b y  i n c r e m e n t s  o f  a v ' = 25 kN/m2 and  k e e p i n g  
o f / o ^ '  c o n s t a n t  t h r o u g h o u t  t h e  c o n s o l i d a t i o n .  The  d e f o r m a t i o n  
and  t h e  v o lu m e  c h a n g e  o f  t h e  s p e c i m e n  w e r e  c h e c k e d  d u r i n g  th e  
c o n s o l i d a t i o n  p e r i o d  and  a new l o a d i n g  i n c r e m e n t  was  n o t  a p p l i e d  
u n t i l  t h e  c o m p r e s s i o n  o f  t h e  s p e c i m e n  had s t o p p e d .  P e n e t r a t i o n  
t e s t  N o .  8 was  p e r f o r m e d  u n d e r  crv ' = 250 kN/m2 and  = 125 kN/m2 
u s i n g  t h e  20 mm d i a m e t e r  p e n e t r o m e t e r .  A f t e r  r u n n i n g  t h e  t e s t ,  
t h e  s p e c i m e n  w as  u n l o a d e d  g r a d u a l l y ,  f o l l o w i n g  t h e  same p r o c e d u r e  
on l o a d i n g  and  t e s t e d  u s i n g  th e  same p e n e t r o m e t e r  a t  s t r e s s  p o i n t  
o\j l = 1 0 0  kN/m2 , o f  = 5 0  kN/m2 . The  l o a d i n g  and  u n l o a d i n g  o f  
t h e  s p e c i m e n  f o l l o w e d  s t r e s s  p a t h  N o .  101 shown i n  F i g .  6 . 1 7  a .
T e s t s  N o .  3 0 ,  3 1 ,  32 and  33 w e r e  p e r f o r m e d  on l o o s e  s p e c i m e n  N o .  11 
h a v i n g  t h e  same d e n s i t y ,  w i t h  t h e  l o a d i n g  and  u n l o a d i n g  c y c l e  
f o l l o w i n g  s t r e s s  p a t h  N o .  105 shown i n  F i g .  6 . 1 7  b .  T e s t s  N o .  42  
t o  49 w e r e  p e r f o r m e d  on l o o s e  s p e c i m e n  N o .  13 .  The  l o a d i n g  and  
t h e  u n l o a d i n g  o f  t h e  s p e c im e n  f o l l o w e d  s t r e s s  p a t h  N o .  107 shown  
i n  F i g .  6 . 1 7  c .
T e s t s  No 50 t o  57 w e r e  p e r f o r m e d  on l o o s e  s p e c i m e n  N o .  14 .
T he  25 mm d i a m e t e r  p e n e t r o m e t e r  was  u s e d  i n  t h e s e  t e s t s  and  s t r e s s  
p a t h  N o .  108 was  f o l l o w e d  d u r i n g  l o a d i n g  an d  u n l o a d i n g  o f  th e  
s p e c i m e n  a s  shown i n  F i g .  6 . 1 7  d .  A l l  t h e  l o o s e  s p e c i m e n s  w e r e  
p r e p a r e d  i n  t h e  same way  e x p l a i n e d  b e f o r e  and  t h e  same d r y  d e n s i t y  
w a s  a c h i e v e d  i n  a l l  c a s e s .  The  25 mm p e n e t r o m e t e r  w a s  u s e d  i n  
s p e c i m e n  N o .  14 t o  m e a s u r e  t h e  p o r e  w a t e r  p r e s s u r e  g e n e r a t e d  
d u r i n g  t h e  t e s t s  a t  t h e  t i p  a nd  a t  t h e  s i d e  o f  t h e  p e n e t r o m e t e r .
An a c c e l e r o m e t e r  was  f i x e d  on t o p  o f  t h e  20 mm p e n e t r o m e t e r s  u s e d  
o n  a l l  t h e  o t h e r  t e s t s  i n  an  a t t e m p t  t o  m e a s u r e  t h e  a c c e l e r a t i o n
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Fig. 6*17 Stress paths inside the chamber for loose Leighton 
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o f  t h e  p e n e t r o m e t e r  d u r i n g  t h e  p e n e t r a t i o n .  The  p o r e  w a t e r  p r e s s u r e  
g e n e r a t e d  a t  t h e  t i p  o f  t h e  20 mm p e n e t r o m e t e r  wa s  m e a s u r e d ,  r e c o r d e d ,  
s a v e d  and  p l o t t e d  a g a i n s t  t i m e  a s  w i l l  be  e x p l a i n e d  i n  C h a p t e r  7 .
6 . 4 . 6  P e n e t r a t i o n  T e s t s  on D e n s e  L e i g h t o n  B u z z a r d  Sand
I t  was  d e c i d e d  t o  c a r r y  o u t  t h e  r e s t  o f  t h e  r e s e a r c h  on  
s i n g l e  d e n s i t y  s p e c i m e n s ,  t o  s t u d y  t h e  f a c t o r s  a f f e c t i n g  t h e  
p e n e t r a t i o n  r e s i s t a n c e  and  t h e  c o m p r e s s i b i l i t y  o f  t h e  g r a n u l a r  
m a t e r i a l s  o t h e r  t h a n  t h e  m a t e r i a l  d e p e n d e n t  f a c t o r s  w h i c h  h av e  
b e e n  s t u d i e d  by  many p r e v i o u s  r e s e a r c h e r s  and  m e n t i o n e d  i n  t h e  
f i r s t  f i v e  c h a p t e r s  o f  t h i s  t h e s i s .  The  d e n s e  s p e c i m e n s  w e r e  
u s e d  f o r  t h i s  p u r p o s e  a s  t h e y  a r e  e a s i e r  t o  f o r m  and  h a v e  a h i g h e r  
d e g r e e  o f  r e p e a t a b i l i t y .  The s p e c i m e n s  w e r e  p r e p a r e d  i n  t h e  
T r i a x i a l  c h a m b e r  b y  r a i n i n g  s a t u r a t e d  s a n d  i n s i d e  t h e  w a t e r  i n  
t h e  c h a m b e r  a s  e x p l a i n e d  b e f o r e ,  and  b y  r e p e a t i n g  e x a c t l y  t h e  
same t a m p i n g  o f  t h e  m ou ld  f o r  e a c h  0 . 1 5  m. l a y e r  o f  d e p o s i t e d  
s a n d .  The  w e i g h t  and t h e  v o lu m e  o f  t h e  s p e c i m e n s  w e r e  c h e c k e d  
i n  e a c h  c a s e  and t h e  r e s u l t s  f o u n d  t o  b e  s a t i s f a c t o r y  when t h e y  
l a y  w i t h i n  t h e  r a n g e  1 . 5 3 - 1 . 5 7  Mg/m3 d r y  d e n s i t y ,  w i t h  a v o i d  
r a t i o  b e t w e e n  0 . 7 0 - 0 . 7 1  and r e l a t i v e  d e n s i t y  b e t w e e n  68 -70% .
T a b l e  6 . 2  sho ws  t h e  t e s t s  p e r f o r m e d  on  s i x  s p e c i m e n s  o f  d e n s e  
s a n d ,  w h e r e  t h e  p o r e  w a t e r  p r e s s u r e s  g e n e r a t e d  a t  t h e  t i p  o f  
t h e  p e n e t r o m e t e r ,  and  t h e  a c c e l e r a t i o n  o f  t h e  p e n e t r o m e t e r  w e r e  
m e a s u r e d  and  t h e  r e s u l t s  s a v e d  i n  o n e  o r  two c h a n n e l s  o f  50 f i l e  
c a r t r i d g e s .
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Fig. 6-18 Stress path inside the chamber for dense Leighton Buzzard sand
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Fig. 6-19 Stress paths inside chamber, dense Leighton Buzzard sand
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PENETRATION TESTS ON DENSE LEIGHTON BUZZARD SAND IN S ID E  THE 
CALIBRATION CHAMBER
TABLE 6.2
T e s t S p e c i m e n S t r e s s  P a t h s P e n e t r o m e t e r Remarks
N o . N o . N o .  F i g u r e  N o . D i a m e t e r  (mm)
1 0 - 1 5 8 102 6 . 1 8  a 20 a c c e l e r o m e t e r  f i x e d  on  
t o p  o f  t h e  p e n e t r o m e t e r
1 6 - 2 3 9 103 6 . 1 8  b 20 same
34 -4 1 12 106 6 . 1 9  b 20 p o r e  w a t e r  p r e s s u r e  o n l y
58 17 - 25 a c c e l e r o m e t e r  f i x e d  i n s i d e  
t h e  p e n e t r o m e t e r
59 18 - 25 same
w i t h  d e a d  l o a d  t e s t
6 . 4 . 6 . 1  D ea d  L o a d  T e s t
T e s t  N o .  59 was  p e r f o r m e d  on s p e c i m e n  N o .  18 w h i c h  was  
n o r m a l l y  c o n s o l i d a t e d  u n d e r  a v ‘ = 60 kN/m2 and  = 24 kN/m2 .
A t  t h e  end  o f  t h e  d yn am ic  p e n e t r a t i o n  t e s t  on  t h i s  s p e c i m e n  
( 0 . 3 4 8  m . )  f r o m  t h e  t o p  o f  t h e  s p e c i m e n ,  a f l a t  t h i c k  p l a t e  
0 . 5 0  x  0 . 5 0  m. i n  d i m e n s i o n s  w as  f i x e d  on  t o p  o f  t h e  p e n e t r o m e t e r  
a s  shown i n  F i g .  6 . 2 0  w h e r e  d e a d  l o a d s  w e r e  a d d e d  g r a d u a l l y  on  
t o p  o f  t h e  p l a t e  and  d e f l e c t i o n  r e a d i n g s  o f  t h e  p e n e t r o m e t e r  w e r e  
t a k e n  f r o m  a d i a l  g a u g e  f i x e d  b e l o w  t h e  p l a t e .  The  t e s t  was  
c o n t i n u e d  u n t i l  t h e  p e n e t r o m e t e r  moved q u i c k l y  a t  s p e c i m e n  f a i l u r e .  
T he  r e s u l t s  a r e  shown i n  C h a p t e r  7 .
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I n  a d d i t i o n  t o  t h e  20 mm and  25 mm d i a m e t e r  p e n e t r o m e t e r s  
u s e d  i n  t h e  p r e v i o u s  p e n e t r a t i o n  t e s t s ,  ( d e t a i l s  a r e  shown i n  
F i g .  2 . 5  and  6 . 1 0  r e s p e c t i v e l y ) ,  f o u r  o t h e r  s o l i d  s t e e l  p e n e t r o ­
m e t e r s ,  w i t h  d i f f e r e n t  d i a m e t e r s ,  w e r e  b u i l t  w i t h  a 6 0 °  a p e x  co n e  
a n g l e ,  0. 20  m l o n g ,  t o . c h e c k  t h e  s c a l e  e f f e c t  on  t h e  dyn a m ic  
p e n e t r a t i o n  r e s i s t a n c e .  F i g .  6 . 2 1  sho ws  t h e  d i m e n s i o n s  o f  t h e  
f o u r  p e n e t r o m e t e r  u s e d  f o r  t h i s  p u r p o s e .  A l l  t h e  s p e c i m e n s  w e r e  
p r e p a r e d  i n  t h e  same way  e x p l a i n e d  b e f o r e ,  u s i n g  t h e  same L e i g h t o n  
B u z z a r d  s a n d ,  t h e  same d e n s i t y  an d  t h e  same s t r e s s  p o i n t s  d u r i n g  
p e n e t r a t i o n  t e s t s  ( a v ‘ =  100 kN/m2 , =  50 kN/m2 ) .  A l l  t h e  t e s t s  
w i t h  d i f f e r e n t  p e n e t r o m e t e r s  w e r e  c a r r i e d  o u t  f o l l o w i n g  e x a c t l y  
t h e  same t e c h n i q u e ,  and  a f r e e  f a l l  o f  t h e  10 kg t r i p  hammer.
T a b l e  6 . 3  shows  t h e  t e s t s ,  s p e c i m e n s  and  p e n e t r o m e t e r s  u s e d  f o r  
t h e  p u r p o s e  o f  t h i s  s t u d y .  The  20 mm p e n e t r o m e t e r  was  u s e d  i n  
e v e r y  s p e c i m e n  t o  u s e  t h e  r e s u l t s  a s  a c o n t r o l ,  when c o m p a r i n g  
t h e  r e s u l t s  o f  a l l  t h e  t e s t s  i n  d i f f e r e n t  s p e c i m e n s .
6.4.7 The Scale Effect on The Dynamic Penetration Resistance
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Fig. 6-21 Penetrometers for scale e f fect .
TABLE 6 . 3  
TESTS FOR THE SCALE EFFECT STUDY 
TEST N o .  SPECIMEN N o .  DIAMETER OF PENETROMETER
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4 4 25 mm
60 19 20 mm
61 19 9 . 5 mm
62 20 20 mm
63 20 6 . 3 5 mm
64 21 20.0 mm
65 21 9 . 5 mm
66 22 20.0 mm
67 22 4 4 . 4 5 mm
70 25 20 mm
71 25 9 . 5 mm
72 25 6 . 3 5 mm
74 27 20.00 mm
75 27 3 7 . 5 0 mm
6 . 4 . 8  E l a p s e d  T ime By H i g h  S p e e d  P h o t o g r a p h y
The c o m b i n a t i o n  o f  t h e  a m p l i f i e r  c o n n e c t e d  t o  t h e  a c c e l e r o ­
m e t e r  ( w h i c h  g a v e  10 m v / g )  and  maximum o u t p u t  o f  t h e  t r a n s i e n t  
r e c o r d e r  u s e d  ( 5  v . )  c o u l d  o n l y  r e a d  a  maximum o u t p u t  o f  500 g 
f r o m  t h e  a c c e l e r o m e t e r  ( w h i c h  means  ±  250 g ) .  The  r e s u l t s  f r o m  
t h e  a c c e l e r o m e t e r  showed  t h a t  a t  t h e  b e g i n n i n g  o f  p e n e t r a t i o n  t h e  
maximum v a l u e  o f  a c c e l e r a t i o n  wa s  e x c e e d e d  and  t h e  r e s u l t s  w e n t  
o u t  o f  s c a l e ,  w h i c h  c o u l d  b e  d ue  t o  t h e  c o m p r e s s i o n  o f  t h e  m e t a l
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o f  t h e  p e n e t r o m e t e r  i t s e l f .  H o w e v e r  t h e  a c c e l e r o m e t e r  r e c o r d e d  a  
sm ooth  c u r v e  r e l a t i n g  " g "  w i t h  t i m e  u n t i l  t h e  end  o f  t h e  p e n e t r a ­
t i o n  o f  e a c h  b l o w  a s  shown i n  F i g .  6 . 2 2 .  A s  t h e  t i m e  o f  p e n e t r a ­
t i o n  r e c o r d e d  w a s  u n e x p e c t e d  ( m o re  t h a n  1 . 0  s e c o n d ) ,  t h e  manu­
f a c t u r e r  o f  t h e  a c c e l e r o m e t e r  an d  a  s c i e n t i f i c  e x p e r t  f r o m  t h e  
D e p a r t m e n t  o f  E l e c t r i c a l  E n g i n e e r i n g  o f  t h e  U n i v e r s i t y  w e r e  
c o n s u l t e d  a b o u t  t h e  r e s u l t s ,  due  t o  t h e  o u t  o f  s c a l e  e v e n t .
H o w e v e r  i t  was  d e c i d e d  t o  t r y  a n o t h e r  c h e c k  f o r  t h e  t i m e  o f  
p e n e t r a t i o n  u s i n g  a h i g h  s p e e d  c i n e c a m e r a  t o  t a k e  p h o t o g r a p h s  o f  
f i x e d  p o i n t s  on t h e  p e n e t r o m e t e r  and  c o u n t i n g  t h e  num ber  o f  f r a m e s  
u s e d  d u r i n g  t h e  p e n e t r a t i o n .  A p o i n t e r  w a s  f i x e d  on t h e  p e n e t r o ­
m e t e r  w h i c h  moved i n  f r o n t  o f  a  f i x e d  s t e e l  s c a l e  and  a s e n s i t i v e  
s t o p  w a t c h  w h i c h  r e a d  t o  10 m s was  f i x e d  i n  r a n g e  o f  t h e  c am e ra  
t o  c h e c k  t h e  s p e e d  o f  t h e  c a m e ra  i t s e l f  a s  shown i n  F i g .  6 . 2 3 .
Two t y p e s  o f  c am era  w e r e  u s e d  to  f i l m  s i x  b l o w s  f r o m  t e s t  N o .  64
on  s p e c i m e n  N o .  21 w h i c h  was  n o r m a l l y  c o n s o l i d a t e d  u n d e r
cfv ' = 100 kN/m2 and  =  50 kN/m2 ( s a m e  s a n d  and  d e n s i t y ) .  F i l m s  
N o .  1 ,  2 & 3 w e r e  t a k e s  f o r  b l o w s  N o .  2 ,  3 & 4 r e s p e c t i v e l y  u s i n g  
a c a m e r a  w h i c h  t a k e n  64 f r a m e s  p e r  s e c o n d ( o r  a b o u t  15 m i l l i s e c o n d  
p e r  f r a m e ) .  The  r e s u l t s  s h o w e d  t h a t  t h e  movement  o f  t h e  p o i n t e r  
a p p e a r e d  on o n e  f r a m e  o n l y .  A v e r y  h i g h  s p e e d  c a m e ra  (maximum  
1000 f r a m e s  p e r  s e c o n d )  w a s  u s e d  f o r  f i l m i n g  b l o w s  N o .  1 4 ,  15 & 16 .  The
c am e ra  wa s  s e t  on 200 f r a m e s  p e r  s e c o n d .  ( 5  mi H i  s e c o n d  p e r  f r a m e ) ,
and  t h e  t h r e e  f i l m s  ( N o .  4 ,  5 & 6 ) sho w ed  t h a t  t h e  m ovem ent  o f  t h e  
p o i n t e r  o c c u r r e d  on  t h r e e  f r a m e s  a s  shown i n  F i g .  6 . 2 4  w h i c h  m e a n t  
t h a t  t h e  p e n e t r a t i o n  t i m e  w a s  b e t w e e n  10 t o  15 m i l l i s e c o n d s .  As  i t  
w as  n o t  p o s s i b l e  t o  b e  s u r e  o f  t h e  a c c u r a c y  o f  t h e  s p e e d  o f  t h e  
c a m e r a ,  t h e  t i m e  f r o m  t h e  s t o p  w a t c h ,  w h i c h  was  e x p o s e d  on e a c h  
f r a m e ,  was  c h e c k e d  f o r  100 f r a m e s  i n  e a c h  f i l m  u s i n g  s p e c i a l  
p r o j e c t e r  t e c h n i q u e s  e n a b l i n g  o n e  f r a m e  a t  a t im e  to  b e  v i e w e d .
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a -  HIGH SPEED PHOTOGRAPHY
b -  PORE PRESSURE MEASUREMENT
FIG. 6 . 2 3  HIGH SPEED PHOTOGRAPHY AND PORE PRESSURE
MEASUREMENT DURING DYNAMIC PENETRATION TEST
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FIG* 6 . 2 4  PHOTOGRAPH OF THE FRAMES TAKEN DURING ONE BLOW
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The r e s u l t s  f r o m  t h e  t h r e e  f i l m s  showed  t h a t  t h e  e l a p s e d  t i m e  f o r  
100 f r a m e s  w a s  e x a c t l y  0 . 5  s e c o n d  w h i c h  p r o v e d  t h e  a c c u r a c y  o f  t h e  
s p e e d  o f  t h e  c a m e r a .  The  r e s u l t s  w i l l  b e  d i s c u s s e d  i n  C h a p t e r  8 
o f  t h i s  t h e s i s .
6 . 4 . 9  The  E f f e c t  O f  O v e r - C o n s o l i d a t i o n  R a t i o  On P e n e t r a t i o n  R e s i s t a n c e
The l a s t  16 t e s t s  on  t h e  p e n e t r a t i o n  r e s i s t a n c e  c o n c e n t r a t e d  
on t h e  r e l a t i o n s h i p  b e t w e e n  t h e  p e n e t r a t i o n  r e s i s t a n c e  and  t h e  
o v e r c o n s o l i d a t i o n  r a t i o .  The n i n e  s p e c i m e n s  u s e d  f o r  t h i s  p u r p o s e  
w e r e  p r e p a r e d  t o  h a v e  t h e  s i n g l e  d e n s i t y  o f  s a t u r a t e d  f i n e  u n i f o r m  
L e i g h t o n  B u z z a r d  s a n d  m e n t i o n e d  b e f o r e .  A l l  t h e  t e s t s  w e r e  p e r f o r m e d
p
on t h e  s p e c i m e n s  h a v i n g  two d i f f e r e n t  s t r e s s  p o i n t s  ( a v 1 = 250 kN/m ,
o f  = 1 2 5  kN/m2 and  a v ‘ = 100 kN/m2 , o f  = 5 0  kN/m2 ) w i t h  c o n s t a n t
s t r e s s  r a t i o  ( a h ' )  = 1  on l o a d i n g  and  u n l o a d i n g ,  e x c e p t  o n e  t e s t  2
Oy1
w h e r e  K0 c o n s o l i d a t i o n  and  K0 s w e l l i n g  w e r e  f o l l o w e d  b e f o r e  r u n n i n g  
t h e  p e n e t r a t i o n  t e s t .  The  20 mm p e n e t r o m e t e r  was  u s e d  i n  a l l  t h e s e  
t e s t s .  T a b l e  6 . 4  shows  t h e  t e s t s  p e r f o r m e d  on s p e c i m e n  a t  two  
d i f f e r e n t  s t r e s s  p o i n t s .
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Stress Path 109 ( a -> b -> T60->a )
Stress Path 110 ( a - >  b —>  c —>b - > T 62 ->a )
Stress Path 111 (a -> b *■> T66 ->a ^
Stress Path 113 (a —> b —> c —> d -> b —> T70 ->a )
Stress Path 115 (a —> b —> T 7 4  ~>a )
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25 Stress Paths for Prestressing Specimens
(inside chamber, dense Leighton Buzzard Sand)
229
TESTS AT DIFFERENT OVER CONSOLIDATION RATIOS
TABLE 6.4
T e s t S p e c i m e n S t r e s s  P a t h s S t r e s s kN/m2 a h 7 a v
i O .C
No . N o . N o . F i g u r e  N o . V a h ' L o a d i n g  U n l o a d i n g
60 19 109 6 . 2 5  a 100 50 1/2 1/2 2
62 20 110 6 . 2 5  a 100 50 1/2 1/2 3
64 21 - - 100 50 1/2 - 1
70 25 113 6 . 2 5  a 100 50 1/2 1/2 4
74 27 115 6 . 2 5  a 100 50 1/ 2 1/ 2 2
68 23 - - 250 125 1/ 2 - 1
69 24 1 1 2 6 . 2 5  b 250 125 0 . 3 5 Ko 2
73 26 114 6 . 2 5  b 250 125 1/ 2 1/ 2 91
76 28 116 6 . 2 5  b 250 125 1/ 2 1/2 3
6. 5  CO MPRESSIB IL ITY  TESTS
The s e c o n d  m a in  o b j e c t i v e  o f  t h i s  r e s e a r c h  w a s  t o  f i n d  t h e  
e f f e c t  o f  t h e  s t r e s s  p a t h s ,  w h i c h  i n c l u d e d  a l s o  t h e  e f f e c t  o f  
t h e  o v e r c o n s o l i d a t i o n  r a t i o ,  on  t h e  c o m p r e s s i b i l i t y  o f  t h e  g r a n u l a r  
s o i l .  The  same L e i g h t o n  B u z z a r d  s a n d  was  u s e d  t h r o u g h o u t  t h e  
t e s t s ,  w h e r e  t h e  s i n g l e  d e n s i t y  ( 1 . 5 5  Mg/m3 ) wa s  a c h i e v e d  i n  a l l  
s p e c i m e n s  t e s t e d  i n  t h e  A u t o m a t i c  c o m p u t e r  s y s t e m ,  and  d i f f e r e n t  
d e n s i t i e s  o f  t h e  same s a n d  w e r e  a c h i e v e d  t o  g e t  s p e c i m e n s  f o r m e d  
i n s i d e  t h e  0 . 1 5  m d i a m e t e r " R o w e c e l l " .
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The e q u i p m e n t  w h i c h  i s  shown i n  F i g .  6 . 2 6 ,  t h e  p r o c e d u r e  
u s e d  i n  p r e p a r i n g  t h e  s p e c i m e n s ,  and t h e  t e c h n i q u e  f o r  r u n n i n g  t h e  
t e s t s  a r e  a l l  e x p l a i n e d  i n  s e c t i o n  6 . 3 . 1  o f  t h i s  c h a p t e r .  The  
a l g o r i t h m  s u p p l i e d  by  t h e  m a n u f a c t u r e r  o f  t h e  s y s t e m  f o r  t h e  
c o n t i n u o u s  l i n e a r  s t r e s s  p a t h s  was  u s e d  f o r  r u n n i n g  t h e s e  t e s t s  
an d  s a v i n g  t h e  r e s u l t s  i n  c a r t r i d g e s  u n d e r  d i f f e r e n t  f i l e  n am e s .
The  t e s t  a l l o w s  t h e  s p e c i m e n  t o  be  t a k e n  f r o m  a s t a r t i n g  s e t  o f  
s t r e s s  c o - o r d i n a t e s  t o  a t e r m i n a l  s e t  o f  s t r e s s  c o - o r d i n a t e s  i n  
a s e r i e s  o f  c o n n e c t i n g  l i n e a r  s t e p s .  The  c o - o r d i n a t e s  w e r e  
s p e c i f i e d  i n  t e rm s  o f  t o t a l  s t r e s s  and t h e  t e s t s  w e r e  c a r r i e d  o u t  
i n  a d r a i n e d  m ode .  T he  a l g o r i t h m  a l l o w s  t h e  o p e r a t e r  t o  d e f i n e  
th e  t o t a l  t e s t  b y  s p e c i f y i n g  up t o  t e n  s e t s  o f  s t r e s s  c o - o r d i n a t e s  
i n  t h e  c o r r e c t  t i m e  s e q u e n c e .  The  b a s i c  c o n t r o l  a l g o r i t h m  f o r  
m a i n t a i n i n g  t h e  s t r e s s  p a t h ,  e x p l a i n e d  i n  t h e  U s e r ' s  H an d b o ok  
o f  t h e  s y s t e m ,  i s  a s  f o l l o w s :
( i )  C a l c u l a t e  r e q u i r e d  s t r e s s  c o - o r d i n a t e s  ( a v , a ^ ) .
( i i )  Command c e l l  p r e s s u r e  c o n t r o l l e r  t o  m a i n t a i n  p r e s s u r e  
( c ^ )  w i t h i n  t h e  s p e c i f i e d  t i m e .
( i i i )  Ammend t h e  c h a n g e  i n  v o lu m e  ( D V g )  o f  t h e  l o w e r  c h a m b e r  
c o n t r o l l e r  u n t i l  a v  has  b e e n  a c h i e v e d .
As  m e n t i o n e d  b e f o r e s t h e  s a m p l e  i n  a l l  t h e  t e s t s  was  p u t
u n d e r  h o r i z o n t a l  p r e s s u r e  = 410 kN/m2 and  b a c k  p r e s s u r e  = 400 kN/m2
m a n u a l l y  b e f o r e  s t a r t i n g  e v e r y  t e s t  on  t h e  s y s t e m ,  t h e r e f o r e  t h e
f i r s t  c o - o r d i n a t e  was  a l w a y s  4 ] 0 ,  410 and  t h e  b a c k  p r e s s u r e  was  
a l w a y s  f i x e d  on  400 kN/m2 . The  t e s t  was  a l w a y s  s t a r t e d  w i t h  an
o
i s o t r o p i c  c o n s o l i d a t i o n  p r e s s u r e  o f  a v ' = o f  = 1 0  kN/m . The  
t i m e  was  s e t  a t  o ne  h o u r  f o r  e a c h  100 kN/m2 s t e p  o f  t h e  a x i a l
6.5.1 Stress Paths Using An Automatic Computer System
a — P r e p a r i n g
The  S p e c im e n
b— T e a t i n g  The  S p e o im e n
FIG* 6 . 2 6  AN AUTOMATIC COMPUTER CONTROL SYSTEM
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s t r e s s  i n  a l l  t h e  s t r e s s  p a t h s  f o l l o w e d  on t h e  t e s t  s p e c i m e n s  
d u r i n g  t h i s  r e s e a r c h .  A p l o t  o f  t o t a l  r a d i a l  s t r e s s  v e r s u s  t o t a l  
a x i a l  s t r e s s  wa s  g i v e n  on t h e  s c r e e n  o f  t h e  H .P  85  c o m p u t e r ,  and  
w as  a u t o m a t i c a l l y  t r a n s f e r r e d  t o  t h e  p r i n t e r  a t  t h e  end  o f  t h e  
t e s t .  An e x a m p l e  o f  t h e  g r a p h  p l o t t e d  f r o m  t e s t  d a t a  i s  shown  
i n  A p p e n d i x  I .  A  s p e c i a l  a l g o r i t h m  w as  p r e p a r e d  f o r  t h i s  r e s e a r c h  
( u s i n g  t h e  same H . P .  8 5 )  t o  l o a d  t h e  r e s u l t s  w h i c h  w e r e  s a v e d  i n  
t h e  c a r t r i d g e s  ( u s i n g  t h e  m a n u f a c t u r e r s  a l g o r i t h m )  i n t o  t h e  c o m p u t e r  
a p p l y i n g  t h e  c o r r e c t i o n  t o  t h e  s t r a i n  d ue  t o  the  B e l l o f r a m  e x p a n s i o n  
and  t h e  v e r t i c a l  s t r e s s  m e n t i o n e d  b e f o r e  i n  t h i s  c h a p t e r ,  p r i n t  
t h e  r e s u l t s  o f  t h e  e f f e c t i v e  a x i a l  s t r e s s  v e r s u s  d e f l e c t i o n  i n  
m i l l i m e t e r s  and  p l o t  them on t h e  p l o t t e r  a t  t h e  same t i m e .  A h a r d  
c o p y  o f  t h e  programme u s e d  f o r  t h i s  p u r p o s e  t o g e t h e r  w i t h  t h e  p r i n t  
o u t  f r o m  t h e  c o m p u t e r  f o r  one  t e s t  c a n  b e  s e e n  i n  A p p e n d i x  I .
F i g .  5 . 2 7  sho ws  t h r e e  c u r v e s  p l o t t e d  f o r  t h e  r e s u l t s  o f  t h e  e f f e c t i v e  
a x i a l  s t r e s s  v e r s u s  d e f l e c t i o n  i n  m i l l i m e t e r s  f o r  o n e  t e s t  w h e r e  
c u r v e  No .  1 was  p l o t t e d  d i r e c t l y  f r o m  t h e  r e s u l t s ,  a f t e r  a p p l y i n g  
t h e  c o r r e c t i o n ,  and  u s i n g  t h e  new a l g o r i t h m  m e n t i o n e d  b e f o r e .  C u r v e  
N o .  2 was  d raw n  by  t a k i n g  t h e  r e a d i n g  d i r e c t l y  f r o m  t h e  two s t r a i n  
g a u g e s  f i x e d  on  B i s h o p - W e s l e y  c e l l  and  p l o t t e d  them v e r s u s  e f f e c t i v e  
a x i a l  s t r e s s  and  c u r v e  N o .  3 was  d r a w n  f r o m  t h e  r e s u l t s  p r i n t e d  
o f f  t h e  c o m p u t e r  u s i n g  t h e  a l g o r i t h m  f o r  p r i n t i n g  and  p l o t t i n g  t h e  
r e s u l t s  s u p p l i e d  by  t h e  m a n u f a c t u r e r s  f o r  t h e  s t r e s s  p a t h  t e s t s .
The  p l o t  o f  t h e  t h r e e  c u r v e s  shows  c l e a r l y  t h a t  t h e  c o r r e c t i o n  i s  
i m p o r t a n t  i f  r e l i a b l e  r e s u l t s  f o r  r e s e a r c h  p u r p o s e s  a r e  t o  b e  
o b t a i n e d .  F o r t y / t h r e e  d i f f e r e n t  s t r e s s  p a t h  t e s t s  w e r e  c a r r i e d  
o u t  u n d e r  c o m p u t e r  c o n t r o l  i n  a B i s h o p - W e s l e y  c e l l .  A t  t h e  end  
o f  e a c h  s t r e s s  p a t h  a s t a n d a r d  i n c r e m e n t  o f  A a v ' =  100 kN/m ,
A = 30 kN/m2 wa s  a p p l i e d  t o  s i m u l a t e  t h e  s t r e s s  i n c r e a s e  on  
an  e l e m e n t  o f  s o i l  b e n e a t h  a f o u n d a t i o n .  V e r t i c a l  s t r a i n s  u n d e r
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Effective Axial Stress  ( k P a )
0  100 200  3 0 0  4 0 0  5 0 0  600  700
Fig. 6 - 2 7 Effective Axial Stress vs. Deflection 
Stress Path 221
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t h i s  s t a n d a r d  i n c r e m e n t  w e r e  u s e d  t o  c a l c u l a t e  a t a n g e n t  d e f o r m a ­
t i o n  m o d u lu s  ( M t ) .
w h e r e  Mt  =  f f i v ... =  I 88   ( e q .  6 . 3 )
A c a A e a
f o r  e a c h  s t r e s s  p a t h .
T he  s t r e s s  p a t h  t e s t s  c a r r i e d  o u t  on t h e  s i n g l e  d e n s i t y  
s a n d  f o l l o w i n g  t h e  s t r e s s  p a t h s  u s e d  i n  t h e  l a r g e  t r i a x i a l  c e l l  
a r e  d i v i d e d  i n t o  d i f f e r e n t  g r o u p s  a c c o r d i n g  t o  t h e  s t r e s s  p o i n t  
j u s t  b e f o r e  a p p l y i n g  t h e  s t a n d a r d  i n c r e m e n t  and  t o  t h e  d i f f e r e n t  
e f f e c t i v e  p r i n c i p a l  s t r e s s  r a t i o  ( a ^ 1/ a v ' )  u s e d  f o r  p r e s t r e s s i n g .  -
6 . 5 . 1 . 1  S t r e s s  P a t h  T e s t s  A t  S t r e s s  P o i n t s  a y 1 = 2 5 0 ,  <Jh* = 125 kN/m2
F i g .  6 . 2 8  sho ws  n i n e  s t r e s s  p a t h s  e n d ed  a t  s t r e s s  p o i n t s  
a v ‘ = 2 5 0 ,  = 125 kN/m2 b e f o r e  a p p l y i n g  t h e  s t a n d a r d  i n c r e m e n t .
F o u r  o f  them ( s t r e s s  p a t h  N o .  2 0 1 ,  2 2 4 ,  2 2 8 ,  229 )  w e r e  c a r r i e d  o u t  
t o  f i n d  t h e  e f f e c t  o f  p r e s t r e s s i n g  o f  t h e  s p e c im e n  u n d e r  t h e  same  
e f f e c t i v e  p r i n c i p a l  s t r e s s  r a t i o  f o r  l o a d i n g  and  u n l o a d i n g  on  t h e  
c o m p r e s s i b i l i t y  o f  t h e  s a n d .  S t r e s s  p a t h  N o .  212 f o l l o w e d  t h e  same  
r a t i o  g ^ > = 1  b u t  w i t h o u t  a n y  p r e s t r e s s i n g  ( n o r m a l l y  c o n s o l i d a t e d
G y  ■ 2
s p e c i m e n s ) ,  and  t h e  r e s t s  ( s t r e s s  p a t h  N o .  2 1 6 ,  2 1 7 ,  231 a n d  2 3 4 )  
f o l l o w e d  d i f f e r e n t  s t r e s s  r a t i o s  i n c l u d i n g  N o .  216 w h i c h  f o l l o w e d  
K0 s t r e s s  p a t h  f o r  l o a d i n g  a n d ,  u n l o a d i n g .
6 . 5 . 1 . 2  S t r e s s  P a t h  T e s t s  A t  S t r e s s  P o i n t s  a v ‘ = 1 0 0 ,  a h '  = 50 kN/m2
F i g .  6 . 2 9  show s  s i x  s t r e s s  p a t h s  e nd ed  a t  s t r e s s  p o i n t
a v ' = 1 0 0 ,  c ^ '  = 50 kN/m2 b e f o r e  a p p l y i n g  t h e  s t a n d a r d  i n c r e m e n t .
F i v e  o f  them ( N o .  2 2 2 ,  2 3 0 ,  2 3 3 ,  2 3 5 ,  2 3 6 )  w e r e  c a r r i e d  o u t  t o  f i n d
■]
the e f fect  of the prestressing of  the specimen under ah ‘/crv ' = —  in
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Stress Path No. Stress Path
212 A --------------------------------+ S.I. (100/30 kN/m2)
216 A --------H 3 ------------ ►Z+S.l.
231 A ------------------- >-Z+S.I.
201 A  *-Z  ►F  --------- + S.l.
229 A —»-Z -► F  -► G  -►F  - ► Z  + S.l.
228 A - Z - F - G - H  — G — F ->-Z + S.l.
224 A -Z - F-G-H-d-H-G - F -*-Z + S.l.
217 A ----------  ►  D — ►Z+S.l.
234 A — --►  C ---------- »-Z + S.I.
Vertical Effective Stress ( c r j  kN/m2)
Fig. 6*28 Stress paths to stress points ( crv/ = 250, crh* = 125 kN/m2) 
( 37x 7 3 mm Specimen) Using Automatic Control System.
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Stress Path No. 
207 
230 
236 
233 
222 
235
Stress Path
A
A
A-
Y + S.I. ( 1 0 0 / 3 0  k N /m 2)
— >Y - 
*Y —> K
 H< — >Y + S.I.
->L—>K—>Y + S. I.
A ->Y*>K»L>M->L->K»Y + S. I. 
A-Y-K-L-M-F-M-L-K-Y + S. I. 
A-Y-K-L-M-F-N-F-M-L-K-Y + S. I.
Vertical Effective Stress ( cr/ kN/m2)
Fig. 6 *29  Stress Paths to Stress Points ( c r / =100, or/ = 5 0 kN/m2)
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b o t h  l o a d i n g  and u n l o a d i n g  s t a g e s  an d  t h e  s i x t h  ( N o .  2 0 7 )  was  a 
n o r m a l l y  c o n s o l i d a t e d  s p e c i m e n  .
6 . 5 . 1 . 3  S t r e s s  P a t h  T e s t s  A t  S t r e s s  P o i n t s  a v ' = 2 0 0 ,  = 125 kN/m2
F i g .  6 . 3 0 a  show s  t h r e e  s t r e s s  p a t h s  e nd ed  a t  s t r e s s  p o i n t  
c v ‘ = 2 0 0 ,  o f  =  125 kN/m2 b e f o r e  a p p l y i n g  t h e  s t a n d a r d  i n c r e m e n t .
One o f  them ( N o .  2 0 2 )  w e r e  c a r r i e d  o u t  f o r  t h e  e f f e c t  o f  t h e
p r e s t r e s s i n g  u n d e r  c h a n g i n g  e f f e c t i v e  p r i n c i p a l  s t r e s s  r a t i o s  f o r  
l o a d i n g  an d  u n l o a d i n g ,  s t r e s s  p a t h s  N o .  ( 2 1 9 ,  2 2 0 )  w e r e  c a r r i e d  o u t  
on n o r m a l l y  c o n s o l i d a t e d  s p e c i m e n  w i t h  d i f f e r e n t  a p p r o a c h e s  t o  th e  
s t r e s s  p o i n t .
6 . 5 . 1 . 4  S t r e s s  P a t h  T e s t s  A t  S t r e s s  P o i n t s  a v ' = 1 5 0 ,  = 125 kN/m2
F i g .  6 . 3 0  b show s  f o u r  s t r e s s  p a t h s  e n d e d  a t  s t r e s s  p o i n t
a v ‘ = 1 5 0 ,  a h '  = 125 kN/m2 b e f o r e  a p p l y i n g  t h e  s t a n d a r d  i n c r e m e n t .
Two o f  them ( N o .  2 0 3 ,  2 1 1 )  a r e  f o r  t h e  p r e s t r e s s i n g  o f  t h e  s p e c i m e n  
an d  t h e  o t h e r  two ( N o .  2 1 5 ,  2 1 8 )  a r e  f o r  t h e  n o r m a l l y  c o n s o l i d a t e d  
s p e c i m e n .
6 . 5 . 1 . 5  S t r e s s  P a t h  T e s t s  A t  S t r e s s  P o i n t s  a v 1 = 1 0 0 ,  a h '  =  125 kN/m2
F i g .  6 . 31  a sho w s  f o u r  s t r e s s  p a t h s  e n d e d  a t  s t r e s s  p o i n t
O y 1 = 1 0 0 ,  o f  -  125 kN/m2 b e f o r e  a p p l y i n g  t h e  s t a n d a r d  i n c r e m e n t .
One o f  them ( N o .  2 0 8 )  w a s  f o l l o w i n g  s t r e s s  r a t i o  = 1  up t o  a v ' = 1 0 0 ,
o f  = 50 kN/m2 a f t e r  w h i c h  t h e  v e r t i c a l  e f f e c t i v e  s t r e s s  w a s  k e p t  
c o n s t a n t  w h i l e  i n c r e a s i n g  t o  125 kN/m2 . The  s e c o n d  p a t h  ( N o .  2 1 3 )
o
w e n t  d i r e c t l y  f r o m  an  i s o t r o p i c  e f f e c t i v e  s t r e s s  o f  10 kN/m to  t h e  
s t r e s s  p o i n t ,  w h i l e  t h e  r e m a i n i n g  two ( N o .  2 0 4 ,  2 0 6 )  w e r e  f o r  t h e  
p r e s t r e s s i n g  o f  t h e  s p e c i m e n .
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S tre s s  Path No.
2 1 9 A
2 2 0 A
2 2 1 A
2 0 2 A
Stress  Path
> P + S.l
— >B ---------> P + S. I
----------------- >F + S. I
---- »Z  -— *F —>Z  —>P + S.l
V e r t ic a l  E f fe c t iv e  S tre s s  ( c r ^ k N / m 2)
S tress  Path No. 
21 8  
215  
211 
2 0 3
S tre s s  P a th
A -
A
A
A-
->B
~>R + S.l. (100 /30  kN/m2) 
->R + S.l.
—> Z
■ > Z  > F
^ R  + S.l. 
- * R  + S.l.
V e r t ic a l  E f fe c t iv e  S tre s s  ( o ‘ v / k N / m 2)
F ig .  6 - 3 0  S t r e s s  P a th s  t o  d i f f e r e n t  S t r e s s  P o in t s
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S tre s s  Path  No. 
2 1 3  
2 0 8  
2 0 6
S t r e s s  Pa th
A
A
A
Y
■^B + S.l. (1 0 0 /3 0  k N /m 2 ) 
->B + S. I.
->Y Z  — H3 + S.
V e r t ic a l  E f fe c t iv e  S tre s s  ( c r /  k N / m 2 )
cr/  (kN/m2) c r /  ( k N / m 2)
cr/  ( kN/m2) c r / (  kN /m 2)
F ig . 6 -3 1 D ifferent S tress Paths to  D i f f e r e n t  S tress  Po in ts
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6 . 5 . 1 . 6  S t r e s s  P a t h  T e s t s  A t  D i f f e r e n t  S t r e s s  P o i n t s
F i g .  6 .31  ( b , c , d , e )  show s  s e v e n  s t r e s s  p a t h s  ( N o .  2 0 5 ,
2 0 9 ,  2 1 0 ,  21 4 ,  22 5 ,  2 2 6 ,  2 2 7 )  w h i c h  e n d e d  a t  f o u r  d i f f e r e n t  s t r e s s  
p o i n t s  f o l l o w i n g  d i f f e r e n t  and  c h a n g i n g  s t r e s s  r a t i o s  a ^ ' / c j y '
( f r o m  1  t o  3 ) .
6 . 5 . 1 . 7  S t r e s s  P a t h  T e s t s  F o l l o w i n g  K0 P a t h s
E i g h t  K0 l o a d i n g  and  u n l o a d i n g  s t r e s s  p a t h s  ( N o .  401 to  
4 0 8 ) ,  b a s e d  on s t r e s s  p a t h s  f r o m  100 mm d i a m e t e r  Ko t e s t s  c a r r i e d  
o u t  on s p e c i m e n s  h a v i n g  t h e  c o n s t a n t  s i n g l e  d e n s i t y  s a n d  u s i n g  
an  e l e c t r o n i c  H a l l  e f f e c t  c a l i p e r ,  w e r e  c a r r i e d  o u t  t o  d i f f e r e n t  
maximum v e r t i c a l  e f f e c t i v e  s t r e s s  l e v e l s  a s  shown i n  F i g .  6 . 3 2 .
A l l  s p e c i m e n s  w e r e  t h e n  u n l o a d e d  a l o n g  KQ s w e l l i n g  s t r e s s  p a t h s  t o  
an  e f f e c t i v e  v e r t i c a l  s t r e s s  o f  100 kN/m2 and  t h e  c o r r e s p o n d i n g  
e f f e c t i v e  h o r i z o n t a l  s t r e s s  f o r  e a c h  p a t h .  The  s t a n d a r d  s t r e s s  
i n c r e m e n t  ( A a v ‘ = 100 kN/m2 , A a ^ '  =  30 kN/m2 ) was  t h e n  a p p l i e d .
6 . 5 . 2  C o m p r e s s i b i l i t y  T e s t s  U s i n g  The  Rowe C e l l
A s  m e n t i o n e d  b e f o r e  i t  w a s  n o t  p o s s i b l e  t o  c o n t r o l  t h e  
d e p o s i t i o n  and t h e  f o r m a t i o n  o f  t h e  38  mm d i a m e t e r  s p e c i m e n  i n s i d e  
t h e  B i s h o p - W e s l e y  c e l l  t o  g e t  a n y  r e q u i r e d  d e n s i t y  and  t h e  s i n g l e  
d e n s i t y  s p e c i m e n  w as  a l w a y s  p r e p a r e d  f o l l o w i n g  e x a c t l y  t h e  same  
t e c h n i q u e  o f  d e p o s i t i o n  and  t h e  o t h e r  r e q u i r e m e n t s  f o r  t h i s  p u r p o s e .  
T en  c o m p r e s s i o n  t e s t s  w e r e  c a r r i e d  o u t  i n s i d e  0 . 1 5  m d i a m e t e r  
R o w e c e l l . F i g .  - 6 . 3 3  show s  t h e  a r r a n g m e n t  o f  t h e  e q u i p m e n t  w h e r e  
s t a n d a r d  l a b o r a t o r y  a p p a r a t u s  wa s  u s e d .  V a r i o u s  d e n s i t i e s  w e r e  
a c h i e v e d  i n s i d e  t h e  R o w e c e l l  by  d e p o s i t i o n  i n  w a t e r  and  t a m p i n g  t h e
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; Path No. S tress  Path V y / c r t )  ( k N / m 2 )
401 A *------ ► 3 — -►  100/65 + S . I .  ( 1 0 0 / 3 0 k N / m 2 )
402 A ......  ► 4 —► 100/90 + S . I .
403 A -------► 6 -“ ► 100/110+S. I.
404 A -------►- 7 —► 100/130 + S. I.
405 A —►1(100/ 4 0 )+ S I.
406 A -------► 5 —► 100/104+S I .
407 A -------- ► 2 — ► 100/ 58 +  S.I.
408 A --------*- 8 — ► 100/150 +  S. I.
Vertica l E f fe c t iv e  Stress k N / m 2
Fig. 6 *3 2 K q Stress Paths ( 3 7  x 7 3 m m  S p e c im e n )  
U sing  A u t o m a t ic  C o n tro l  S y s t e m .
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F I G .  6 . 3 3  PHO TO G R A PH  OF T H E  R O W E -C E L L  U S E D  FOR  
TH E  C O M P R E S S IO N  T E S T
243
s p e c i m e n  i n s i d e  th e  c e l l .  The  t e s t s  w e r e  p e r f o r m e d  u n d e r  d r a i n e d  
c o n d i t i o n s  and  t h e  e f f e c t i v e  a x i a l  and  l a t e r a l  s t r e s s  f o l l o w e d  t h e  
l<0 c o n d i t i o n ,  s w e l l i n g  and  r e l o a d i n g  s t a t e .  To co m p a re  t h e  r e s u l t s  
w i t h  t h o s e  f o u n d  i n s i d e  t h e  B i s h o p - W e s l e y  c e l l ,  th e  s t a n d a r d  i n c r e m e n t  
o f  a v ' =  1 0 0 ,  cty' = 30 kN/m c o u l d  n o t  b e  a c h i e v e d  a s  w o u l d  v a r y  
f r o m  o ne  d e n s i t y  t o  a n o t h e r  and  f r o m  o n e  s t a t e  o f  l o a d i n g  t o  a n o t h e r ,  
a v ' =  100 kN/m2 was  u s e d  an d  v a r i e d  a s  K0 v a r i e d  f r o m  s t a t e  t o  
s t a t e  o f  s a n d  and  l o a d i n g .  T h e s e  t e s t s  w e r e  c a r r i e d ' o u t  m a i n l y  t o  
c h e c k  t h e  v e r y  l o w  v a l u e  o f  ( E s *  8 . 2  MN/m2 ) f o u n d  by  L a m b r e c h t s  
and  L e o n a r d s  ( 1 9 7 8 )  f o r  a s i m i l a r  s a n d  t o  t h a t  u s e d  i n  t h i s  r e s e a r c h ,  
b u t  i n  a  l o o s e r  s t a t e  t h a n  t h e  d e n s i t y  ( 1 . 5 5  Mg/m3 ) .
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B e c a u s e  o f  t h e  l a r g e  amoun t  o f  d a t a  i n v o l v e d  i n  t h i s  s t u d y ,  
d e s k t o p  c o m p u t e r s w e r e  u s e d  f o r  t e s t  c o n t r o l ,  d a t a  a c q u i s i t i o n ,  d a t a  
s t o r a g e  and  p r o c e s s i n g .  The  m e a s u r e m e n t  o f  t h e  p e n e t r a t i o n  r e s i s t a n c e  
i n s i d e  t h e  c a l i b r a t i o n  c h a m b e r  w a s  d o n e  m a n u a l l y  u s i n g  a  s c a l e  r u l e  
an d  t h e  r e s u l t s  a r e  r e c o r d e d  and  p l o t t e d  f o r  e a c h  s p e c i m e n  a s  shown  
i n  t h i s  c h a p t e r .  The  c a r t r i d g e s  c o n t a i n i n g  t h e  t e s t  r e s u l t s  a r e  
c o n s i d e r e d  p a r t  o f  t h i s  t h e s i s  and  t h e  d e t a i l  o f  t h e  c o n t e n t  o f  
e a c h  f i l e  i n  e v e r y  c a r t r i d g e  i s  t a b u l a t e d  i n  A p p e n d i x  I I .  The  
c o m p u t e r  programme f o r  p r o c e s s i n g  t h e  r e s u l t s  a r e  shown i n  A p p e n d i x  I .  
M o r e  t h a n  f i f t y  g r a p h s ,  r e p r e s e n t i n g  t h e  a v e r a g e  o f  a b o u t  1500 c u r v e s  
f o r  t h e  p o r e  w a t e r  p r e s s u r e  v e r s u s  t i m e  o f  e a c h  b l o w  i n  e a c h  p e n e t r a ­
t i o n  t e s t  a r e  shown i n  A p p e n d i x  I I I .  The  r e s u l t s  o f  a l l  t h e  t e s t s  
a r e  d i s c u s s e d  i n  C h a p t e r  8 o f  t h i s  t h e s i s .
7 .1  K0 CONSOLIDATION AND SWELLING TEST RESULTS
A s  m e n t i o n e d  i n  C h a p t e r  6 o n l y  t h e  r e s u l t s  o f  KQ t e s t s  
o b t a i n e d  f r o m  two d i f f e r e n t  t e c h n i q u e s  f o r  L e i g h t o n  B u z z a r d  s a n d ,  
m o s t l y  h a v i n g  t h e  s i n g l e  d e n s i t y  ( 1 . 5 5  Mg/m ) ,  a r e  r e p r e s e n t e d  a s  
t h e y  a r e  c o n s i d e r e d  t o  be  new m e t h o d s  f o l l o w e d  f o r  t h i s  r e s e a r c h .
7 . 1 . 1  K0 R e s u l t s  U s i n g  An A u t o m a t i c  C o m p u t e r  C o n t r o l  S y s te m
I n  a l l  K0 t e s t s  c o n s i d e r e d  - the  s p e c i m e n s  w e r e  t e s t e d  a t  
a p p r o x i m a t e l y  t h e  same d r y  d e n s i t y  w h e r e  a f i x e d  w e i g h t  ( 1 2 5  gm)  
o f  o v e n  d r i e d  L e i g h t o n  B u z z a r d  s a n d  w a s  b o i l e d  i n s i d e  d e a i r e d  
w a t e r  and d e p o s i t e d  u n d e r  w a t e r .  The  r e s u l t s  o f  s e v e n  t e s t s  a r e
CHAPTER 7
PRESENTATION OF TEST RESULTS
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s u m m a r i z e d  i n  T a b l e  7 . 1 .  A c o m p u t e r  p ro g ra m m e  f o r  t h e  HP 85 was  
w r i t t e n  ( h a r d  c o p y  o f  t h e  p rogr amme i s  i n  A p p e n d i x  I )  t o  p l o t  
v e r t i c a l  e f f e c t i v e  s t r e s s  v e r s u s  h o r i z o n t a l  e f f e c t i v e  s t r e s s  and  
v e r t i c a l  e f f e c t i v e  s t r e s s  v e r s u s  t h e  d e f l e c t i o n  o f  t h e  7 3 . 0  mm h i g h  
s a m p l e s .  F i g .  7 . 1  show s  t h e  g r a p h s  o b t a i n e d  f r o m  t e s t  N o .  101 o f
? p
l o a d i n g  up  t o  a v ‘ =  500 k N / n r ,  u n l o a d i n g  t o  a y 1 -  1 0 °  k N / n r ,  
r e l o a d i n g  an d  u n l o a d i n g  a g a i n  t o  a v ' = 500 kN/m2 , and  100 kN/m2 
r e s p e c t i v e l y .  F i g .  7 . 2  shows  t h r e e  g r a p h s  o b t a i n e d  f r o m  t e s t s  
N o .  1 0 5 ,  106 a n d  107 o f  l o a d i n g  up t o  a v 1 -  3 0 0 ,  500 and  700 kN/m2 
and  u n l o a d e d  to. a v ' =  100 kN/m2 .
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TABLE 7.1
RESULTS OF K0 TESTS US ING AN AUTOMATIC COMPUTER C0NTR0LED SYSTEM
T e s t
N o .
D r y  D e n s i t y  Rate Of T y p e  o f  K 
Mg/m3 Vertical Def. t e s t  
mm/ h r
M a x . a v
kN/m^
1 R e s u l t s  S a v e d  i n  Ko 
c a r t r i d e  No F i l e  ( c o n s o l i d a  
Name t i o n )
101 1 . 5 5 1 c o n s o l  -  
S w e l l . 
R e c o n s o l  -  
S w e l l .
500
500
102
102
K0DATA 
K1 DATA
0 . 3 5
102 1 . 5 6 0 , 1 C o n s o l -  
S w e l 1.  
R e c o n s o l -  
S w e l l .  
R e c o n s o l -  
S w e l 1 .
500
500
300
102
102
102
K2DATA 
K3 ATA  
K3DATA
0 . 3 3
103 1 . 5 0 0 . 1 C o n s o l -  
S w e l l .
300 102 K4DATA 0 . 3 7
104 1 .5 5 0 . 0 7 5 C o n s o l -  
S w e l l .
700 102 K5DATA 0 . 3 5
105 1 . 5 5
106 1 . 5 5
107 1 . 5 5
0 . 0 7 5  C o n s o l  -  
S w e l l .
0 . 0 7 5  C o n s o l -  
S w e l 1 .
0 . 0 7 5  C o n s o l -  
S w e l l .
700 103 K6DATA 0 . 3 5
500 103 K7DATA 0 . 3 5
300 103 K8DATA 0 . 3 5
CH
AN
G
E 
IN 
H
EI
G
H
T 
(m
m
) 
EF
FE
CT
IV
E 
RA
DI
AL
 
ST
RE
SS
 
Ck
Po
)
247
EFFECTIVE AXIAL STRESS (kPa)
EFFECTIVE AXIAL STRESS(kPa)
0 100 200 300 400 500
FIG:7.1 Ko TEST RESULTS ON LEIGHTON BUZZARD SAND (TestlOl) -
(Specimen 37. 2mm. Diameter By 73. 0mm. High)
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F I G :  7 .  2  K o  T E S T  R E S U L T S  -OF T H R E E  S P E C IM E N S  L E IG H T O N  
B U Z Z A R D  SAND ( T E S T S  N o . 1 0 5 - 1 0 7 )
(Specimen 37. 2 mm. diameter 73. 0 mm. high)
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In  m o s t  o f  t h e  KQ t e s t s  c a r r i e d  o u t  u s i n g  t h e  100 mm 
d i a m e t e r  b y  200 mm h i g h  s p e c i m e n ,  t h e  same d r y  d e n s i t y  was  a c h i e v e d  
w h e r e  a  f i x e d  w e i g h t  ( 1 5 0 0  gm) o f  o v e n  d r i e d  L e i g h t o n  B u z z a r d  s a n d  
w as  b o i l e d  a n d  d e p o s i t e d  i n s i d e  d e a i r e d  w a t e r .  O n l y  two t e s t s  w e r e  
p e r f o r m e d  on  s p e c i m e n s  h a v i n g  t h e  maximum and  minimum d r y  d e n s i t i e s  
w h i c h  w e r e  o b t a i n e d  i n s i d e  t h e  t r i a x i a l  c e l l .  The  r e s u l t s  o f  a l l  
t h e  t e s t s  a r e  s u m m a r i z e d  i n  T a b l e  7 . 2 .  R e a d i n g s  w e r e  t a k e n  m a n u a l l y  
d u r i n g  t h e  t e s t s  f r o m  t h e  p r o v i n g  r i n g  and  t h e  d e f l e c t i o n  d i a l  g a u g e s ,  
v o lu m e  c h a n g e  b u r e t t e s ,  and  t h e  s c r e e n  o f  a Commodore d e s k - t o p  
c o m p u t e r  w h e r e  p o r e  w a t e r  p r e s s u r e ,  c e l l  p r e s s u r e  and  t i m e  w e r e  
d i s p l a y e d .  The  r e a d i n g s  f r o m  t h e  t e s t s  w e r e  s a v e d  i n  c a r t r i d g e s  u s e -  
i n g  an  HP85 c o m p u t e r  and  a  p rogr amme was  w r i t t e n  t o  a l l o w  t h e  
c o m p u t e r  t o  t a k e  t h e  r e a d i n g s  f r o m  t h e  c a r t r i d g e s ,  e x e c u t e  t h e  
r e q u i r e d  c a l c u l a t i o n  and  p l o t  t h e  v e r t i c a l  e f f e c t i v e  s t r e s s  v e r s u s  
h o r i z o n t a l  e f f e c t i v e  s t r e s s  and  v o lu m e  c h a n g e  o f  t h e  s a m p l e  f r o m  
t h e  d i a l  g a u g e s  v e r s u s  t h e  v o lu m e  c h a n g e s  f r o m  t h e  b u r e t t e s .
F i g .  7 . 3  sho w s  f i v e  c u r v e s  f o r  t h e  v e r t i c a l  e f f e c t i v e  s t r e s s  v e r s u s  
h o r i z o n t a l  e f f e c t i v e  s t r e s s ,  d r a w n  f r o m  t h e  r e s u l t s  o f  f i v e  K0 t e s t s  
( T e s t  N o .  1 1 2 ,  1 1 4 ,  117 ,  119 and  1 2 2 )  w h e r e  t h e  s p e c i m e n s  w e r e  
l o a d e d  up t o  d i f f e r e n t  v e r t i c a l  e f f e c t i v e  s t r e s s e s  and  u n l o a d e d  to  
z e r o  v e r t i c a l  e f f e c t i v e  s t r e s s .  The  f i v e  s p e c i m e n s  w e r e  p r e p a r e d  
t o  h a v e  t h e  s i n g l e  d e n s i t y  ( y ^  = 1 . 5 5  Mg/m3 ) and  t e s t e d  u s i n g  t h e  H a l l  
e f f e c t  t e c h n i q u e  u n d e r  t h e  same c o n d i t i o n  and s p e e d  o f  l o a d i n g  and  
u n l o a d i n g .  F i g .  7 . 4  shows  two c u r v e s  d r a w n  f r o m  t h e  r e s u l t s  o f  
K0 t e s t s  ( N o .  1 1 5 - 1 1 6 )  p e r f o r m e d  on v e r y  d e n s e  s p e c i m e n s  o f  s a n d  
100 mm i n  d i a m e t e r  200 mm h i g h  and  w i t h  a d r y  d e n s i t y  1 .61  Mg/m3 .
7 .1 .2  K0 Results Using Hall E ffec t  C aliper in T r iax ia l  Cell
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F i g .  7 . 5  shows  t h e  c u r v e  f o r  KQ t e s t  N o .  120 p e r f o r m e d  on  
a l o o s e  s p e c i m e n  o f  s a n d  w i t h  a d r y  d e n s i t y  1 . 4 5  Mg/m3 . F i g .  7 . 6  
shows  t h e  c u r v e  f o r  KQ t e s t  N o .  121 p e r f o r m e d  on medium t o  d e n s e  
s p e c i m e n  o f  s a n d  w i t h  a d r y  d e n s i t y  1 . 5 0  Mg/m3 .
TABLE 7 . 2
RESULTS OF KQ TESTS USING  HALL EFFECT CAL IPER ON LEIGHTON BUZZARD SAND
T e s t
No .
D r y  D e n s i t y  
Mg/m3
R a t e  
mm/hr
M a x . a y 1 
kN/m2
R e s u l t s  S a v e d  
. C a r t .  F i l e
Ko
( C o n s o l . )
I l l 1 . 5 0 1 . 8 600 203 TEST 7 0 .41
112 1 . 5 5 1 . 8 820 203 TEST 8 0 . 4 0
113 1 . 4 5 1 . 8 200 203 TEST 11 0 . 4 4
114 1 . 5 5 1 . 8 1000 203 TEST 10 0 . 4 0
115 1. 61 1 . 8 610 203 TEST 14 0 . 3 6
116 1.61 1 . 8 1020 203 TEST 9 0 . 3 6
117 1 . 5 5 1 . 8 410 203 TEST 13 0 . 4 0
118 1 . 5 5 1 . 8 400 203 TEST 12 0 . 4 0
119 1 . 5 5 1 . 8 200 203 TEST 15 0 . 4 0
120 1 . 4 5 1 . 8 590 203 TEST 17 0 . 4 4
121 1 . 5 0 1 . 8 1370 205 TEST 22 0 .4 1
122 1 . 5 5 1 . 8 150 205 TEST 21 0 . 4 0
123 1 . 4 5 1 . 8 800 205 TEST 23 0 . 4 4
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FIGs 7.3 TEST RESULTS OF FINE LEIGHTON BUZZARD SAND
SPECIMENS (100*200 mm) USING HALL EFFECT
CALIPER -TEST Nos. 112.'114. 117. 119 and 122
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VERTICAL EFFECTIVE STRESS (kPa)
FIG*. 7.4 Ko TESTS ON VERY DENSE LEIGHTON BUZZARD SAND
USING HALL EFFECT CALIPER-TEST Nos. 115 and 116
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FIGi 7„ 5 Ko TEST ON LOOSE LEIGHTON BUZZARD SAND
USING HALL EFFECT CALIPER < TEST No. 120 >
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FIG: 7.6 Ko TEST ON MEDIUM TO DENSE LEIGHTON BUZZARD
SAND USING HALL EFFECT CALIPER < TEST No. 121 7
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The r e s u l t i n g  p e n e t r a t i o n  r e s i s t a n c e  v e r s u s  d e p t h  g r a p h s  f o r  
e a c h  s p e c i m e n  i n  t h e  t r i a x i a l  ch a m b e r  t e s t s  a r e  shown i n  F i g .  7 . 7 -  
7 . 3 1 .  The  o r d i n a t e  i s  d r a w n  a s  t h e  e l e v a t i o n  i n  t h e  s p e c i m e n  i n  
m e t e r s  w i t h  t h e  z e r o  d e p t h  s t a r t i n g  i m m e d i a t e l y  u n d e r n e a t h  t h e  
t o p  p l a t e n .  The  a b s c i s s a  r e p r e s e n t s  t h e  p e n e t r a t i o n  i n  t e rm s  o f  
t h e  v a l u e  o f  p e n e t r a t i o n  i n  mm p e r  b l o w  o f  t h e  hammer.  A t
t h e  t o p  o f  e a c h  g r a p h  , t h e  d r y  d e n s i t y ,  r e l a t i v e  d e n s i t y ,  s t r e s s  
p o i n t s  and  s t r e s s  p a t h  a r e  shown f o r  e a c h  s p e c i m e n .  The  number  
o f  t e s t s  c a r r i e d  o u t  on  e a c h  s p e c i m e n  i s  r e c o r d e d  on t h e  g r a p h .
The  b o u n d a r y  c o n d i t i o n s  a t  t h e  t o p  and b o t t o m  o f  t h e  s p e c i m e n  
h a v e  an i n f l u e n c e  on t h e  p e n e t r a t i o n  r e s i s t a n c e .  The  t o p  p l a t e n  
im p o s e d  a r i g i d  f r i c t i o n a l  t o p  b o u n d a r y  on t h e  s p e c i m e n  and  t h e  
p r e s s u r e  d i a p h r a g m  im p o s e d  a f l e x i b l e  f r i c t i o n a l  b o t t o m  on t h e  b o u n d a r y  
o f  t h e  s p e c i m e n .  In  a n a l y s i n g  t h e  dyn am ic  p e n e t r a t i o n  r e s u l t s  
t h e  v a l u e s  t a k e n  n e a r  t h e  t o p  an d  t h e  b o t t o m  o f  t h e  s p e c i m e n  a r e  
n o t  c o n s i d e r e d .  T a b l e  7 . 3  show s  t h e  p e n e t r a t i o n  r e s i s t a n c e  i n  
t e rm s  o f  t h e  number  o f  b l o w s  p e r  100 mm p e n e t r a t i o n  i n s i d e  th e  
t r i a x i a l  c h a m b e r .  The  d y n a m ic  p e n e t r a t i o n  t e s t s  w e r e  c a r r i e d  o u t  
on W o o l w i c h  G r e e n  s a n d  a t  t h r e e  d i f f e r e n t  d e n s i t i e s  i n  a s a t u r a t e d  
s t a t e .  A l o w  v a l u e  f o r  t h e  s t r e s s  p o i n t  w a s  a p p l i e d  on t h e  v e r y  
l o o s e  s p e c i m e n  i n  an  a t t e m p t  t o  a c h i e v e  l i q u e f a c t i o n  on t h e  s p e c i m e n ,  
a s  t h e  p e n e t r a t i o n  r e s i s t a n c e  was  v e r y  l o w  o n l y  f e w  b l o w s  w e r e  
r e c o r d e d  w i t h  no l i q u e f a c t i o n .  A h i g h e r  s t r e s s  l e v e l  was  a p p l i e d  
t o  t h e  v e r y  d e n s e  s p e c i m e n  and  a medium o n e  w a s  a p p l i e d  on  t h e  
d e n s e  s p e c i m e n  u s i n g  a 25 mm d i a m e t e r  p e n e t r o m e t e r .
1.1 PENETRATION TEST RESULTS
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V. Loose Woolwich Green Sand 
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F IG :7.7 PENETRATION TEST ( specimen 1 — teet  1 )
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V. Qense Woolwich Green Sand 
Penetrometer Diameter = 20 mm 
Dry Density = 1.79 Mg/m3 
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Vertical Effective Stress = 150 kN/m2 
Lateral Effective Stress = 50 kN/m2
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FIG:7. 8 PENETRATION TEST ( specimen 2
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FIGs 7. 9 PENETRATION TEST ( Specimen 3 -  Teet 3 )
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FIGs7..10 PENETRATION TEST (Specimen 4-Test 4)
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3:7.11 PENETRATION TEST (Specimen 5~Tests 5-6)
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F I G s 7 .  1 2  PENETRATION TEST C Spool men 7-Toete 8&9 )
262
E
CL
tu
o
-0. 05
-0.10 • —
-0 .1 5  ■ -
-0.20
- 0 .  25
- 0 . 3 0
- 0 .  35  - -
-0 . 40
-0 . 45
T 1 '
V
V
V
V 
V 2
V
V
V
V
v  3
v,
V
V
V 4
V
V
V
v
V
V
V
V
V
V
V
V
Dense Uniform Leighton Buzzard Sand 
Penetrometer Diameter = 20 mm 
Dry Density = 1.55 Mg/irf3
v
v
VERTICAL EFFECTIVE STRESS
-0 .5 0
- 0 .  55  • -
- 0 . 6 0
V 6
V
v
¥
V
v
4 55 10 15 20 25 30 35 40 *
PENETRATION ( mm/blow )
FIG:7. 13 PENETRATION TEST (Specimen 8~Teste 10-15)
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t-IG:7..14 PENETRATION TEST < Specimen 9~Teets 16-23 )
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FIG:7. IS PENETRATION TEST (Specimen 10-Tee“fc 24-29)
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FIG:7. 16 PENETRATION TEST (Specimen 11—Tee t* 30—33)
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FlGsV. .17 PENETRATION TEST (Specimen 12 -Teete  34-41 )
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FIG:7. 18 PENETRATION TEST (Specimen 13-Teefce 42-49)
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FIG:7. 19 PENETRATION TEST C Specimen 14—Test 50-57 )
DE
PT
H
269
/"S
E
V
-a  05 -
-a 10 • -
-a  is • -
-a 20
-a  25 -
-a 30
-a 35
-a  40
-a 45
-a  50 • -
-a 55 - -
-a 60
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
Dense Uniform Leighton Buzzard Sand 
Penetrometer Diameter = 25mm 
Dry Density = 1.55 Mg/m3 
Normally Consolidated Specimen 
Vertical Effective Stress = 100 kN/m2 
Lateral Effective Stress = 45 kN/m2
4510 15 20 25 30 35 40
PENETRATION < mm/blow >
FIG:?.2o PENETRATION TEST (Specimen 17-Teet 58)
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FIG:7. 21 PENETRATION TEST (Specimen 18 -T e e t  59)
v Dense Uniform Leighton Buzzard Sand
v Penetrometer Diameter - 25 mm
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FIG:7. 22 PENETRATION TEST (Specimen 19-Teete 60-61)
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23 PENETRATION TEST (Specimen 20-Tests 62-63)
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Z. .2.4. PENETRATION TEST (Specimen 21-Teete 64-65)
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L2S PENETRATION TEST (Specimen 22-Teste 66-67)
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F I G s 7 .  2 6  P E N E T R A T I O N  T E S T  ( S p e c i m e n  2 3 - T e s t  6 8 )
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ffiGs7.27 PENETRATION TEST (Specimen 24-T est 69)
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7..28 PENETRATION TEST (Specimen 25-Teste 70-72)
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FIGs7. 29 PENETRATION TEST (Specimen 26-Teet 73)
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FIG:7. 30 PENETRATION TEST (Specimen 27-T este  74-75)
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G:7. 31 PENETRATION TEST (Specimen 28-Teet 76)
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PENETRATION TESTS ON WOOLWICH GREEN SAND
TABLE 7.3
S p e c i m e n T e s t _ S _ t r e s s L e v e l Yd P e n e t r o m e t e r No o f
No . N o . c y ' ( k N / m 2 ) (kN/m2 ) Mg/m3 <f> mm b l o w s / '
1 1 60 30 1 . 4 5 20 1 i  ' 2
2 2 150 50 1 . 7 9 20 15
3 3 100 50 1 . 6 4 25 16
T a b l e  7 . 4  sho ws  t h e  p e n e t r a t i o n  r e s i s t a n c e  i n  t e rm s  o f  t h e  
number  o f  b l o w s  r e q u i r e d  t o  d r i v e  t h e  p e n e t r o m e t e r  a d i s t a n c e  o f  
100 mm i n s i d e  t h e  t r i a x i a l  ch a m b e r  w h e r e  l o o s e  s a t u r a t e d  L e i g h t o n  
B u z z a r d  s p e c i m e n s  o f  s a n d  w e r e  d e p o s i t e d ,  an d  s t r e s s e d  and  p r e s t r e s s e d  
u n d e r  d i f f e r e n t  s t r e s s  p a t h s .
T a b l e  7 . 5  show s  t h e  p e n e t r a t i o n  r e s i s t a n c e  o f  a d e n s e  s a t u r a t e d  
L e i g h t o n  B u z z a r d  s p e c i m e n  o f  s a n d  u n d e r  d i f f e r e n t  s t r e s s  p a t h s .
T a b l e  7 . 6  sho ws  t h e  r e s u l t s  o f  p e n e t r a t i o n  r e s i s t a n c e  f r o m  t e s t s  
p e r f o r m e d  on d e n s e  s a t u r a t e d  s p e c i m e n s  o f  L e i g h t o n  B u z z a r d  s a n d  
u n d e r  two d i f f e r e n t  s t r e s s  p o i n t s  an d  c o n s o l i d a t e d  t o  t h e  p o s s i b l e  
o v e r c o n s o l i d a t e d  r a t i o s  w h e r e  t h e  maximum a l l o w a b l e  c a p a c i t y  o f  t h e
p
ch a m b e r  w a s  r e a c h e d  ( 7 5 0  kN/m ) .
T a b l e  7 . 7  show s  t h e  p e n e t r a t i o n  r e s i s t a n c e  o f  d e n s e  s a t u r a t e d  
L e i g h t o n  B u z z a r d  s a n d  u n d e r  t h e  same s t r e s s  p o i n t  u s i n g  d i f f e r e n t  
s i z e s  o f  p e n e t r o m e t e r  t o  c h e c k  t h e  s c a l e  e f f e c t  o f  t h e  c a l i b r a t i o n  
c h a m b e r .
F i g .  7 . 3 2  sho ws  t h e  r e s u l t s  o f  two b l o w s  i n s i d e  t h e  c a l i b r a t i o n  
ch a m b e r  c o n t a i n i n g  d e n s e  s a t u r a t e d  L e i g h t o n  B u z z a r d  s a n d  u n d e r  
crv ' =  1 0 0 ,  0 h ‘ =  50 kN/m2 w h e r e  t h e  e l a p s e d  t im e  o f  p e n e t r a t i o n  
w as  f o u n d  by  h i g h  s p e e d  p h o t o g r a p h y  t o  b e  b e t w e e n  1 0 - 1 5  m i l l i s e c o n d s
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f o r  e a c h  b l o w .  F i g .  7 . 3 3  sho ws  t h e  g r a p h  f o r  t h e  d e a d  l o a d  t e s t  
p e r f o r m e d  on s a t u r a t e d  d e n s e  L e i g h t o n  B u z z a r d  s a n d  i n s i d e  t h e  
c a l i b r a t i o n  c h a m b e r ,  u n d e r  s t r e s s  l e v e l  ( c r /  =  10 0 ,  a h '  =  50 kN/m2 ) 
The  d e a d  l o a d  t e s t  f o l l o w e d  a  d yn am ic  p e n e t r a t i o n  t e s t  u s i n g  25 mm 
d i a m e t e r  p e n e t r o m e t e r  u n d e r  t h e  same s t r e s s  p o i n t s .  The  o n l y  
p r o b l e m  g e n e r a t e d  d u r i n g  t h e  d e a d  l o a d  t e s t  was  t o  keep  t h e  p e n e t r o  
m e t e r  w i t h  t h e  d e a d  l o a d  v e r t i c a l ,  and  t h a t  was  d on e  by  h o l d i n g  
t h e  f o u r  c o r n e r s  o f  t h e  p l a t e  u s i n g  s t e a d i e s  c o n n e c t e d  t o  t h e  
r o p e  w h i c h  w e n t  o v e r  t h e  p u l l y  on t h e  t o p  o f  t h e  k e n t l a g e .
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TABLE 7.4
PENETRATION TESTS ON LOOSE LEIGHTON BUZZARD SAND
SPEC
IMEN
No.
TEST STRESS LEVEL
No. av 5 kN/m* k®m2
PRESTRESSED
To
v 9kN/m2 ° h 9kN/m2
O.C.R
qv' (max. )
qv'
STRESS
PATH
No.
DENSITY
Ham3
Dia. 
ofPenetro­
meter
mm.
No. of 
BLOWS 
PER 
100 
mm.
7 8 200 100 - - 1 101 1 .41 20 10
7 9 100 50 200 100 2 101 1 .41 20 4
11 30 100 125 - - 1 105 1 .43 20 8
11 31 125 125 - - 1 105 1 .43 20 9
11 32 150 125 - - 1 105 1 .43 20 10
11 33 200 125 - - 1 105 1.43 20 11
13 42 400 200 - - 107 1.43 20 20
13 43 300 150 400 200 1 I3 107 1.43 20 16
13 44 250 125 400 200 1.6 107 1.43 20 14
13 45 200 125 400 200 2 107 1 .43 20 12
13 . 46 150 125 400 200 2 ! 107 1 .43 20 11
13 47 125 100 400 200 3 1 5 107 1 .43 20 10
13 48 125 75 400 200 3 1 5 107 1.43 20 8
13 49 125 50 400 200 3 1K 107 1 .43 20 4
14 50 350 175 - -
J
1 108 1 .41 25 22
14 51 300 150 350 175
’ I
108 1 .41 25 20
14 52 200 100 350 175 1 3 
4 108 1 .41 25 16
14 53 125 60 350 175 3 108 1 .41 25 10
14 54 125 100 350 175 3 108 1.41 25 12
14 55 125 125 350 175 3 108 1.41 25 13
14 56 125 200 350 175 3 108 1 .41 25 20
14 57 150 150 350 175 2 1 108 1.41 25 18
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TABLE 7.5
PENETRATION TESTS ON DENSE LEIGHTON BUZZARD SAND
SPEC TEST STRESS LEVEL PRESTRESSED O.C.R STRESS DENSITY 
I M E N __________________To PATH
V  V  V  <V V 'C m c x . )  Ma
No. No. kN/m2 kN/m2 kN/m2 kN/m2 av'' No. m3
8 10 500 250 - - 1 102 1.55 20 35
8 11 250 125 500 250 2 102 1.55 20 23
8 12 200 125 500 250 2 1
0 102 1 .55 20 20
8 13 150 125 500 250 3 1  
3
102 1 .55 20 18
8 14 100 125 500 250 5 102 1.55 20 14
8 15 100 50 500 250 5 102 1.55 20 6
9 16 100 125 - - 1 103 1.55 20 11
9 17 125 125 - - 1 103 1.55 20 12
9 18 150 125 - - 1 103 1 .55 20 15
9 19 175 125 - - 1 103 1 .55 20 16
9 20 200 125 - - 1 103 1.55 20 17
9 21 225 125 - - 1 103 1.55 20 18
9 22 250 125 - - 1 103 1.55 20 21
9 23 300 125 - - 1 103 1 .55 20 23
10 24 100 50 - - 1 .104 1 .55 20 5
10 25 100 100 - - 1 104 1.55 20 10
10 26 100 150 - - 1 104 1.55 20 15
10 27 100 200 - - 1 104 1.55 20 20
10 28 100 250 - - 1 104 1.55 20 28
10 29 100 300 - - 1 104 1.55 20 36
12 34 250 125 - - 1 106 1.55 20 22
12 35 200 125 250 .125 J 106 1.55 20 20
12 36 175 125 250 125 1 1  
7 106 1 .55 20 19
12 37 150 125 250 125 1 2 
3
106 1.55 20 18
1.2 38 125 125 250 125 2 106 1.55 20 16
12 39 100 125 250 125 2 1 
2
106 1.55 20 14
12 40 50 125 250 125 5 106 1 .55 20 12
12 41 50 25 250 125 5 106 1.55 20 3
Dia. No. of
of BLOWSPenetrometer PER
100mm mm.
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TABLE 7.6
PENETRATION TESTS ON DENSE LEIGHTON BUZZARD SAND WITH DIFFERENT STRESS PATHS
SPEC TEST STRESS LEVEL PRESTRESSED O.C.R STRESS DENSITY Dia. No. OF
IMEN To PATH of BLOWS“ “ “ ~  Penetrometer PER
Oy' ob' Oy' ab' Oy' (max. > Mg 100
No. No. kN/m2 kN/m? kN/m2 kN/m2 ~~7 No. 3 mm* mm“
19 60 100 50 200 100 2 109 1.55 20 5.4
20 62 100 50 300 150 3 n o 1.55 20 6
21 64 100 50 - - 1 - 1.55 20 6
22 66 100 50 200 100 2 m 1.55 20 6
25 .70 100 50 400 200 4 113 1 .55 20 6
27 74 100 50 400 200 4 115 1.55 20 6
23 68 250 125 - - 1 - 1 .55 20 25
24 69 250 125 480 160 2 112 1.55 20 25
26 73 250 125 625 312
2 ?
114 1.55 20 25
28 76 250 125 750 375 3 116 1.55 20 24
286
TABLE 7.7
PENETRATION TESTS ON DENSE LEIGHTON BUZZARD SAND USING DIFFERENT SIZE PENETROMETERS
SPEC
IMEN
TEST STRESS LEVEL PRESTRESSED
To
O.C.R DENSITY Dia. 
of
No. OF 
BLOWS
No. No.
V
kN/m 2
V
kN/m2
V
kN/m2
°h'
kN/m2
qv' (max. )
ov<
Mg
m3
Penetro­
meter
mm.
PER
100
mm.
17 58 100 50 - - 1 1.55 25 10
19 60 100 50 200 100 2 1.55 20 5.4
19 61 100 50 200 100 2 1.55 9.5 1.82
20 62 100 50 300 150 3 1.55 20 6
20 63 100 50 300 150 3 1.55 6.35 0.8
21 64 100 50 - - 1 1.55 20 6
21 65 100 50 - - 1 1.55 9.5 2
22 66 100 50 200 100 2 1.55 20 6
22 67 100 50 200 100 2 1.55 44.4 4.4
25 70 100 50 400 200 4 1.55 20 6
25 71 100 50 400 200 4 1.55 9.5 2
25 72 100 50 400 200 4 1.55 6.35 0.8
27 74 100 50 400 200 4 1.55 20 6 '
27 75 100 50 400 200 4 1.55 37.5 20
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7 . 2 . 1  R e s u l t s :  P o r e  W a t e r  P r e s s u r e s  G e n e r a t e d  D u r i n g  Dynam ic
P e n e t r a t i o n  T e s t s
The  p o r e  w a t e r  p r e s s u r e s  g e n e r a t e d  d u r i n g  t h e  d y n a m ic  
p e n e t r a t i o n  o f  t h e  p e n e t r o m e t e r  i n t o  s a n d  s p e c i m e n s  i n s i d e  t h e  
t r i a x i a l  ch a m b e r  a r o u n d  t h e  t i p  o f  t h e  p e n e t r o m e t e r  w e r e  m e a s u r e d  
d u r i n g  e a c h  b l o w ,  a s  w e l l  a s  a l o n g  t h e  s i d e  o f  t h e  p e n e t r o m e t e r  
on a  f e w  t e s t s .  The  r e s u l t s  w e r e  t r a n s f e r r e d  a u t o m a t i c a l l y  t o  t h e  
H . P .  9825A c o m p u t e r  and  s a v e d  on c a r t r i d g e s  c o n t a i n i n g  50 f i l e s  
e a c h .  The  r e s u l t s  w e r e  s a v e d  a s  B i t s  f r o m  z e r o  t o  255 r e p r e s e n t i n g  
t h e  p o r e  w a t e r  p r e s s u r e ,  a g a i n s t  T r a n s i e n t  r e c o r d e r  t i m e  b a s e  
r e a d i n g  f r o m  z e r o  t o  2048 w h i c h  r e p r e s e n t e d  t h e  e l a p s e d  t i m e  f o r  
e a c h  b i t  w h i c h  c o u l d  b e  t r a n s f e r r e d  t o  t i m e  i n  m i l l i s e c o n d s  u s i n g  
t h e  b a s e  t im e  s e t t i n g  on  t h e  T r a n s i e n t  r e c o r d e r  b e f o r e  e a c h  t e s t  o r  
e a c h  b l o w .  B e f o r e  a p p l y i n g  e a c h  b l o w  t h e  l i n e  r e p r e s e n t i n g  z e r o  
b i t s  on  t h e  o s c i l l o s c o p e  was  moved to  t h e  m i d d l e  o f  t h e  s c r e e n  so  
t h a t  t h e  z e r o  p r e s s u r e  r e p r e s e n t e d  a p p r o x i m a t e l y  125 b i t s  w h i c h  
m ean t  t h a t  t h e  num bers  h i g h e r  t h a n  125 w e r e  p o s i t i v e  p r e s s u r e s  
and  t h o s e  l o w e r  t h a n  125 w e r e  n e g a t i v e  p r e s s u r e s .  T h e f o o m p u t e r  
programme  w h i c h  was  m e n t i o n e d  i n  C h a p t e r  6 w as  u s e d  t o  p l o t  t h e  
r e s u l t s  f r o m  e a c h  b l o w  i n  t e rm s  o f  b i t s  f o r  t h e  f i r s t  1500  
t r a n s i e n t  r e c o r d e r  t i m e  b a s e  u n i t s .  A l l  th e  g r a p h s  w e r e  l a b e l l e d  t h r o u g h  
t h e  c o m p u t e r  t o  s h o w ,  b l o w  N o . ,  t e s t  N o . ,  c a r t r i d g e  N o . ,  T r a c k  N o . ,
F i l e  N o .  and c h a n n e l  N o .  i n  e a c h  f i l e .  I n  a d d i t i o n  t h e  t r a n s i e n t  
r e c o r d e r  t im e  b a s e  f o r  e a c h  g r a p h  was  a l s o  r e c o r d e d  on t h e  s i d e  
o f  t h e  g r a p h  by  t h e  c o m p u t e r .  To show  how th e  r e s u l t s  w e r e  
c o n s i s t e n t  f o r  e a c h  t e s t  f i v e  g r a p h s  a r e  shown i n  F i g .  7 . 3 4 ,  e a c h  
r e p r e s e n t i n g  t h e  r e s u l t s  f r o m  o ne  b l o w .  The r e m a i n i n g  1500 g r a p h s  
c an  be  p l o t t e d  o r  t h e  r e s u l t s  may be  p r i n t e d  a t  any  t i m e  u s i n g  t h e  
r e s u l t s  c a r t r i d g e s  an d  t h e  t a b l e s  i n  A p p e n d i x  I I  w h i c h  s h o w s  t h e
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c o r r e s p o n d i n g  i n d e x  and  t h e  t r a n s i e n t  r e c o r d e r  t i m e  b a s e  f o r  e a c h  
b l o w  f o r  a l l  t h e  t e s t s .  F i g .  7 . 3 5  sho ws  t h e  c u r v e s  i n  F i g .  7 . 3 4  
p l o t t e d  d i r e c t l y  f r o m  t h e  c a r t r i d g e s  f o r  t h e  p o r e  w a t e r  p r e s s u r e  
i n  kN/m2 v e r s u s  t i m e  i n  m i l l i s e c o n d  u s i n g  t h e  T r a n s i e n t  r e c o r d e r  
t i m e  b a s e  and  t h e  c o n v e r s i o n  f a c t o r  ( C . F . )  t a k e n  f r o m  t h e  c a l i b r a ­
t i o n  c u r v e  w h i c h  was  p r o d u c e d  a s  a r e s u l t s  o f  a p p l y i n g  100 kPa  
h y d r o s t a t i c  p r e s s u r e  on t h e  t r a n s d u c e r  b e f o r e  t h e  s t a r t  o f  e a c h  
t e s t  w h e r e .
C F = Number  o f  b i t s  e q u i v a l e n t  t o  100 kPa .
100
A h a r d  c o p y  o f  t h e  programme u s e d  f o r  t h i s  p u r p o s e  i s  shown i n  
A p p e n d i x  I .
A n o t h e r  c o m p u t e r  prog ramme was  w r i t t e n  t o  a d d  t h e  r e s u l t s  o f  
e a c h  t e s t ,  t a k e  t h e  a v e r a g e  o f  p o r e  w a t e r  p r e s s u r e  an d  p l o t  them  
on o n e  g r a p h  r e p r e s e n t i n g  th e  a v e r a g e  p o r e  w a t e r  p r e s s u r e  u n d e r  t h e  
same s t r e s s  l e v e l  v e r s u s  t i m e  i n  m i l l i s e c o n d s .  F i g .  7 . 3 6  shows  an
e x a m p l e  w h i c h  r e p r e s e n t s  t h e  a v e r a g e  o f  20 b l o w s  f r o m  t e s t  N o .  10
s
w h e r e  t h e  r e s u l t s  o f  f i v e  b l o w s  a r e  r e p r e s e n t e d  i n  F i g .  7 . 3 3  and  
7 . 3 4 .  The  g r a p h s  f o r  t h e  a v e r a g e  r e s u l t s  o f  m o re  t h e  50 t e s t s  a r e  
shown i n  A p p e n d i x  I I I  ( F i g .  7 . 4 6 - 7 . 9 6 ) .
7 . 3  COMPRESS IB IL ITY  TEST RESULTS
The d a t a  f r o m  43 s t r e s s  p a t h  t e s t s  p e r f o r m e d  on s p e c i m e n s  o f  
L e i g h t o n  B u z z a r d  s a n d  h a v i n g  a p p r o x i m a t e l y  same d i m e n s i o n s  ( 3 7 . 2  mm 
d i a m e t e r  7 3 . 0  mm h i g h )  and  t h e  same d e n s i t y  ( y ^  =  1 . 5 5  Mg/m ) h a v e  
b e e n  s a v e d  i n  H . P .  c a r t r i d g e s  u s i n g  t h e  H . P .  85 c o m p u t e r . .  A s  t h e  
s o f t w a r e  s u p p l i e d  b y  t h e  m a n u f a c t u r e r  o f  t h e  a u t o m a t i c  c o m p u t e r  
c o n t r o l  s y s t e m  u s e d  i n  r u n n i n g  t h e  t e s t  and  s a v i n g  t h e  t e s t  r e s u l t s  
w a s  u s e d , t w e n t y  d i f f e r e n t  v a r i a b l e s  c o u l d  b e  p r o d u c e d  f r o m  e a c h  s e t  
o f  t e s t  d a t a .  The  g e n e r a l  p u r p o s e  p l o t t i n g  o r  t a b u l a t i n g  p ro g ra m m e
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a l l o w s  t h e  f o l l o w i n g  v a r i a b l e s  t o  b e  e x a m i n e d .
T -  T ime ( t ) .
2 -  P e r c e n t a g e  a x i a l  s t r a i n  e a %.
3 -  A x i a l  s t r e s s  ( a y ) .
4 -  R a d i a l  s t r e s s  ( a h ) -
5 -  E f f e c t i v e  a x i a l  s t r e s s  ( o v ' ) .
6 -  E f f e c t i v e  r a d i a l  s t r e s s  ( a ^ ' ) .
7 -  D e v i a t o r  s t r e s s  ( a v -  c ^ ) .
8 -  S t r e s s  r a t i o  a f f o y .
9 -  Mean s t r e s s
1 0 -  Mean e f f e c t i v e  s t r e s s .  ^
1 1 -  A v e r a g e  r a d i a l  s t r e s s .
1 2 -  A v e r a g e  d i a m e t e r  c h a n g e .
1 3 -  P o r e  w a t e r  p r e s s u r e .
1 4 -  Vo lume c h a n g e .
1 5 -  C han ge  i n  l e n g t h .
1 6 -  S q u a r e  r o o t  o f  t i m e .
1 7 -  L o g ( 1 0 )  o f  t i m e .
1 8 -  L o g ( 1 0 )  o f  e f f e c t i v e  a x i a l  s t r e s s .
1 9 -  ( D e v i a t o r  s t r e s s ) / 2 .
2 0 -  Maximum s h e a r  s t r a i n  %.
From t h e s e  v a r i a b l e s  190 g r a p h s  f o r  e a c h  t e s t  c an  b e  p l o t t e d  
f r o m  t h e  d a t a  w h i c h  w e r e  s a v e d  i n  t h e  c a r t r i d g e s ,  r e l a t i n g  e a c h  
v a r i a b l e  t o  a n o t h e r .  T a b l e s  s h o w i n g  w h e r e  t h e  d a t a  r e s u l t s  o f  
e a c h  t e s t  w e r e  s a v e d  i n c l u d i n g  t h e  c a r t r i d g e  and  f i l e  names a r e  
i n  A p p e n d i x  I I .  H o w e v e r , o n l y  t h e  t a n g e n t  M o d u l u s  ( M t )  i s  r e q u i r e d  i n  
t h i s  r e s e a r c h ,  an d  t h e r e f o r e  a  new c o m p u t e r  programm e w as  p r e p a r e d  
t o  p l o t  and  p r i n t  t h e  d e f l e c t i o n  o f  t h e  s p e c i m e n  v e r s u s  t h e  v e r t i c a l  
e f f e c t i v e  s t r e s s ,  by  t a k i n g  t h e  d a t a  f r o m  t h e  f i l e s  i n  t h e  c a r t r i d g e s
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an d  a p p l y i n g  t h e  r e q u i r e d  c o r r e c t i o n  f o r  t h e  v e r t i c a l  p r e s s u r e  
and  t h e  a x i a l  s t r a i n  a s  e x p l a i n e d  i n  C h a p t e r  6 f o r  t h e  KQ t e s t s .  
A h a r d  c o p y  o f  t h e  pro gramme an d  t h e  r e s u l t i n g  o u t p u t  f o r  o ne  
t e s t  p r i n t e d  by  t h e  c o m p u t e r  a r e  shown i n  A p p e n d i x  I .  F i g .  7 . 3 7  
shows  a f e w  g r a p h s  p l o t t e d  f r o m  t h e  d a t a  f o r  d i f f e r e n t  s t r e s s  
p a t h s .  To f i n d  t h e  T a n g e n t  M o d u l u s  ( M t )  o f  t h e  s p e c i m e n s  f o r  
t h e  s t a n d a r d  i n c r e m e n t  o f  l o a d i n g  ( a /  = 10 0 ,  a /  = 30 kN/m2 ) 
a p p l i e d  a t  t h e  end o f  e a c h  s t r e s s  p a t h  t h e  f o l l o w i n g  e q u a t i o n  
was  u s e d : -
Mt = + +    ( e q .  7 . 1 )
A e a
Mt  = T a n g e n t  M o d u lu s  i n  MN/m2 
A o v ' =  100 kN/m2
6 ‘ =  D e f l e c t i o n  by  A c V  i n  y m - 
h = H e i g h t  o f  t h e  s p e c i m e n  b e f o r e  t h e  t e s t  = 7 3 . 0  mm. 
h ‘ = H e i g h t  o f  t h e  s p e c im e n  b e f o r e  a p p l y i n g  t h e  i n c r e m e n t .
6 =  D e f l e c t i o n  o f  t h e  s p e c i m e n  b e f o r e  a p p l y i n g  th e  s t a n d a r d
i n c r e m e n t  i n  mm.
The v a l u e s  s u b s t i t u t e d  i n  e q u a t i o n  7 . 1  f o r  e a c h  s t r e s s  p a t h  
w e r e  t a k e n  f r o m  t h e  f i l e s  by  p r i n t i n g  t h e  r e s u l t s  i n  t h e  c o m p u t e r  
u s i n g  t h e  p rogramm e w i t h  t h e  c o r r e c t i o n  and  p l o t t i n g  them m a n u a l l y  
f o r  e a c h  s t r e s s  p a t h .  The  c o m p r e s s i o n  v e r s u s  t h e  v e r t i c a l  e f f e c t i v e  
s t r e s s  f o r  t h e  s t a n d a r d  i n c r e m e n t  s h o w ed  a v e r y  go o d  s t r a i g h t  l i n e  
r e l a t i o n s h i p  f o r  m o s t  o f  t h e  t e s t  r e s u l t s .  To s a v e  s p a c e  t h e  43  
c u r v e s  w e r e  p l o t t e d  and  t r a n s f e r r e d  t o  t h r e e  g r a p h s  F i g .  7 . 3 8 -  
7 . 4 0  w h e r e  t h e  p o i n t s  a r e  shown  on  a f e w  o f  l i n e s  o n l y .  T a b l e  7 . 8  
s u m m a r i s e s  t h e  t e s t  r e s u l t s .  F i g .  7 . 4 1  sho ws  4 c u r v e s  p l o t t e d  f o r  
t h e  d e f l e c t i o n  v e r s u s  t h e  v e r t i c a l  e f f e c t i v e  s t r e s s ,  f o l l o w i n g  t h e  
K0 s t r e s s  p a t h ,  f o r  f o u r  s p e c i m e n s  o f  s a t u r a t e d  L e i g h t o n  B u z z a r d
296
s a n d  w i t h  d i f f e r e n t  d e n s i t i e s ,  d e p o s i t e d  i n s i d e  0 . 1 5  m. d i a m e t e r  
R o w e c e l l .  The  s p e c i m e n s  w e r e  c o m p r e s s e d  u n d e r  d r a i n e d  c o n d i t i o n s  
w h e r e  t h e  d e f l e c t i o n  and  t h e  a p p l i e d  p r e s s u r e  w e r e  r e c o r d e d  
m a n u a l l y  and  p l o t t e d  t o  f i n d  t h e  e f f e c t  o f  d e n s i t y  on  t h e  
c o m p r e s s i o n  o f  t h e  s a n d .
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EFFECTIVE AXIAL STRESS CkPa)
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FIGs7. 37EFFECTIVE AXIAL STRESS V. DEFLECTION
( 5  ST R E SS  PATHS SPECIM E N S 3 7 .  2 * 7 3 . 0  m m . )
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V e r t i c a l  E f f e c t i v e  S t r e s s  C k N / m 2 )
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Fig. 7 - 3 9  Ver t ica l  Effect ive  Stress vs. D e f le c t io n  for  the
increm ent  ( c r /  = 100 ,  o V  = 30  k N / m 2 )
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Fig.  7 - 4 0  V e r t ic a l  E f fe c t iv e  Stress vs.  Def lect ion  for the
I n c re m e n t  ( 0 ^  = 1 0 0 ,  G’ h = 3 0  k N / m 2)
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TANGENT MODULUS VALUES FOR DIFFERENT STRESS PATHS
TABLE 7.8
Stress
Path
Stress
(N)
Point Prestressed
Point
..(P)
Difference in 
Stresses 
( P ) - (N )
Over
Consolid- 
ation
6' Mt. 
Normally 
Consol id
Mt
Prest­
ressed
AMt K
< V
VNo.
v
kN/m2
ah'
kN/m2
V
kN/m2
V
kN/m2
Aav 1 
kN/m2
Aah ‘
kN/m2
Ratio
V < P )
V ( N ) Vim.
100
Ae
MN/m2
• 100
Ae0
MN/m2 MN/m2
201 250 125 500 250 250 125 2 33 80.2 221.2 141 1/2
202 200 125 500 250 300 125 2 I  2 28 90.3 256.7 166.4 5/8
203 150 125 500 250 350 125 . 3 1
3
29 141.5 255.4 113.9 5/6
204 100 125 500 250 400 125 5 22 121.0 332.7 211.7 l l
205 50 125 250 125 200 0 5 30 122.5 240.2 117.7
4 
2 1
2
206 100 125 250 125 150 0 2 12
1
32 121.0 229.4 108.4
+
1207 100 50 100 50 0 0 95 76.0 76.0 0
208 100 125 100 50 0 -  75 1 55 121.0 131 .5 10
2 
1 1
209 100 200 100 50 0 -150 1 48 151.0 - - 2 ?
210 100 300 100 50 0 -250 1 52 - 140.6 - 3
211 150 125 250 125 100 0 1 2 3 33 141 .5 218.0 76.5 5/6
212 250 125 250 125 0 0 1 91 80.2 80.2 0 1/2
213 100 125 100 125 0 0 1 60 121 .0 121.0 0 1 1  
4
214 300 125 100 125 200 0 84 - 86.8 0 5/12
215 150 125 100 125 -  50 0 1 64 141 .5 114.6 - 5/6
216 250 125 100 125 -150 0 1 75 80.2 96.1 16 1/2
217 250 125 480 160 230 35 29 80.2 250.7 170.5 0.35
•218 150 125 150 125 0 0 1 51 141.5 141.5 0 5/6
219 200 125 200 125 0 0 1 80 90.3 90.3 0 5/8
220 200 125 100 125 -100 0 1 57 90.3 126.7 - 5/8
221 500 250 500 250 0 0 1 45 161 .8 161 .8 - 1/2
222 100 50 500 250 400 200 5 40 76.0 182.5 106.5 1/2
223 500 250 1000 500 500 250 2 22 161.8 336.0 174.2 1/2
224 250 125 1250 625 1000 500 5 16 80.2 453.0 172.8 1/2
continued
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Stress
Path
No.
Stress Level 
(N)
Prestressed
Level
(P)
Difference in 
Stresses 
P - N
Over 
Consoli 
dation 
Ratio 
qv'(P)
6*
pm
e s (N)
Normally
Consoli­
dated
100
Es(P) 
Prestr 
essed 
100 
A e„ 
MN/m2
AEs
ES (P) - ES (N) 
MN/m2
K
v
vV
kN/m2
°h'
kN/m2 kN/m 2 kN/m2
Aav '
kN/m2
Aah '
kN/m2
ov .(N) Ae 9 
MN/m
225 100 300 100 300 0 0 1 50 145.0 145.0 0 3
226 100 200 100 200 0 0 1 48 151.0 151.0 0 2
227 50 125 50 125 0 0 1 59 122.5 122.5 0 2 1/2
228 250 125 1000 500 750 375 4 . 23 • 80.2 317.0 236.8 1/2
229 250 125 750 375 500 250 3 27 80.2 269.0 188.8 1/2
230 100 50 200 100 100 50 2 51 76.0 143.3 67.3 1/2
231 250 125 250 250 0 125 1 56 80.2 130.5 50.3 1/2
233 100 50 400 200 300 150 4 42 76.0 171.0 95.0 1/2
234 250 125 250 82 0 -43 1 30 80.2 241 .0 160.8 1/2
235 100 50 700 350 600 300 7 31 76.0 237.0 161.0 1/2
236 100 50 300 150 200 100 3 46 76.0 157.0 81.0 1/2
401 100 65 208 84 108 19 2 44 62.0 165.0 103.0 Ko
40g. • 100 90 415 170 315 80 4 43 62.0 170.0 108.0 *0
403 100 110 820 330 ‘ 720 220 8 42 62.0 173.0 111.0
Ko
404 100 130 1000 400 900 270 10 37 62.0 197.0 135.0 Ko
405 100 40 100 40 0 0 1 117 62.0 62.0 0 Ko
406 100 104 615 250 515 146 6 41 62.0 178.0 116.0 Ko
407 100 58 150 60 50 2 71 62.0 102.0 40.0
408 100 150 1480 590 1300 340 15 40 62.0 180 118.0 K
0
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Vertical Effect ive  S tre s s  k N / m 2
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Fig. 7 - 4 1  Compression Tests results in the  Rowe cell (L e ig h to n  
Buzzard sand at 4  di f ferent  d e n s i t ie s )
j
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DISCUSSION OF THE TEST RESULTS
8.0 INTRODUCTION
In this chapter the results obtained from about 12 l<0 consolida­
tion and swelling tests are discussed. The tests were performed on 
saturated Leighton Buzzard sand using two d i f ferent  techniques 
developed during this research. The analyses of  the results taken 
from 76 dynamic penetration tests conducted in the large tr iaxia l  
chamber on 28 specimens of  sands are also set out in this chapter.
The e f fects  o f  ve r t ica l ,  horizontal and mean stress level on the
dynamic penetration resistance o f  saturated Leighton Buzzard sand
at two d i f ferent  densities are presented in sections 8.2.2 to
8.2.4 o f  this chapter. The influence o f  overconsolidation on the
penetration resistance is presented in section 8.2.7. The results
o f  the penetration resistance o f  penetrometers o f  d i f ferent  diameter
were analysed to determine the influence of  the specimen boundary
on the results o f  penetration tests. The pore water pressure generated around
the cone and on the side of  25 mm diameter penetrometer is presented
in section 8.3.7, and the e f fects  o f  the soil type, density, and
stress level on the pore water pressure generated during dynamic
penetration tests are discussed in section 8.3.1 to 8.3.3. Also the
relationship between the elapsed time taken by high speed photography
and the pore water pressure is discussed in section 8.3.6. The
e f f e c t  of  43 d i f ferent  stress paths on the compressibility o f  the
same sand used in the dynamic penetration test is studied by testing
the specimens at the same standard single density (1.55 Mg/m3) .  The
results are compared with the influence o f  the same stress paths on
the dynamic penetration resistance at the same condition o f  loading
and density. The analysis o f  the results obtained from this research
CHAPTER 8
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and the available studies of  other researchers are explained br ie f ly  
in section 8.6 at the end of  this chapter.
8.1 Kq- CONSOLIDATION AND SWELLING
Fig. 8.1 shows two graphs obtained from KQ tests performed 
on specimens o f  the same sand at the same density (y^ = 1.55 Mg/m3).
The results o f  the f i r s t  one were taken from tests using 37 x 73 mm 
specimens in the automatic computer control system using volume change 
control ,while the second graph was plotted from the results o f  tests 
using 100 x 200 mm specimen using the semi-automatic system with the 
Hall e f f e c t  cal iper. I t  can be seen that whereas the 100 mm diameter 
specimens give a value for  K0 o f  0.40, the 37 mm diameter specimen 
yields only 0.35. In view o f  the fact that the maximum volumetric
decrease o f  the 37 mm dia. specimen would be only o f  the order of
0.4 cubic centimeters, this result indicates that the method wil l  
only work sa t is fac tor i ly  for  more compressible so i ls ,  such as 
clays. For such materials membrane penetration, and the movement 
o f  the membrane into more positive contact with the specimen, porous 
disc, top cap, and pedestal wil l  not contribute a signif icant 
proportion o f  the volume change. The results obtained using the 
Hall e f f e c t  cal iper looked very satisfactory so that the technique
used can be completed,to fu l ly  automatec and replace the Bishop
caliper (Bishop and Henkel 1957).
Fig. 8.2 shows the relationship between volume change calculated 
from the deformation o f  the specimen taken from reading o f  a strain 
dial gauge fixed on top o f  the tr iaxial  c e l l ,  and the volume of  
water dissipated during the test measured by a paraffin volume change 
gauge. The results show very good agreement during K0~consolidation 
stage, with less satisfactory relationships during K0 swelling, believed
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to be due to the e f fe c t  of the non l inear i ty  o f  the change in lateral 
pressure during the unloading o f  the specimen which leads to a non 
linear contraction in the tr iaxial  ce ll  i t s e l f .  Research is continu­
ing to check this e f f e c t  and gauges fixed on the specimen i t s e l f  
could be used to get the exact deformation o f  the 100 mm diameter 
specimen during KQ consolidation and swelling. Fig. 8.3 shows the 
variation o f  KQ with the in i t ia l  dry density o f  the specimen and 
the methods used for  conducting the t e s t .  I<Q consolidation values 
o f  saturated Leighton Buzzard sand, using the Hall Effect technique, 
the Bishop caliper and automatic computer system are plotted together 
with the values of  KQ calculated from the formulae proposed by 
Jaky (1944) and Hendron (1963).-. KQ varied from 0.36 to 0.44 for  the 
range o f  densities tested using the Hall Effect method, from 0.43 
to 0.54 using the Bishop and Henkel (1957) method, and was 0.35 at 
a dry density o f  1.55 Mg/m3 using the automatic computer system.
All the results show that K0 increased with decreasing density.
This is expected since a loose specimen would tend to deform 
la te ra l ly  more easi ly than a dense specimen and hence to prevent 
lateral deforamtion, a higher lateral pressure would be required.
The results plotted in Fig. 8.3 show the same trend as those presented 
by Daramola (1978). The K0 values calculated from the Jaky's (1944) 
and Hendron's (1963) equations are lower than those measured from 
the K0 tests except the value obtained from the 37 mm diameter 
specimen using the automatic computer control system which coincides 
with the values from Jaky's (1944) equation. Comparing K0 values 
obtained from the three d i f ferent  techniques where the test results 
are shown in Fig. 8.3, the high values o f  K0 obtained by using the 
Mercury cal iper can be explained by the high speed at which the tests 
were run. In addition, the accuracy with which caliper movement can 
be detected with this device using manual control is between 8 micron
309
a  A u t o m a t i c  C o m p u te r  Contro l  S y s t e m
•  M e rc u ry  C a l i p e r ,  Bishop and Henkel  ( 1 9 5 7 )  
( R e s u l t s  f r o m  D ik r a n  1 9 8 3 )
O  Hall E f fec t  Caliper
Dry Dens i ty  ( M g  /  m 3 )
Fig. 8 - 3  R e la t io n s h ip  b e tw e e n  dry densi ty  and K 0 fo r  Fine L e ig h to n  
B uzzard  S an d .
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(Bishop (1958) and 25 micron (Bishop and Henkel (1957)) compared 
with 0.5 micron using the Hall e f f e c t  technique. Sutton (1977) 
noted that the mean K0 consolidation stress path moved s ign i f icant ly  
when the permitted lateral deformation increased, and from his 
results on K0 tests he argued that provided the diameter change does 
not exceed ± 2 ym in terms o f  stress the K0 condition is simulated, 
in that the value o f  Kq is approximately the same as that for  true 
conditions of  zero lateral strain. The low value o f  K0 using the 
automatic computer control system occurs as a result o f  the poor 
control o f  lateral deforamtion, by the volume change method, due 
to bedding errors, membrane penetrations, movement of  the membrane 
into more positive contact with the specimen, porous stones, top 
cap and pedestal, which contribute a s igni ficant proportion o f  
the volume change of  the 38 mm diameter specimen with a maximum 
volumetric decrease o f  the order o f  0.4 cubic centimeters. In 
addition to the above, the compressibility o f  the system i t s e l f ,  
which involves the water in the l ines and the lines themselves, 
may have a great e f f e c t  on the volume change.
8.1.1 K0 - fo r  Over Consolidated Specimens
The K0 tests performed on the single density specimen 
(1.55 Mg/m3) using the Hall e f f e c t  method, and loaded to d i f fe rent  
maximum vert ical e f f e c t iv e  stress (av (max) varied from 100 - 1400 
kN/m2) and unloaded to av ' = 0  gave d i f ferent K0 swelling values.
Fig. 8.4 shows the relationship between av'(max) and the e f fe c t iv e  
lateral stress at av ' = 100 kN/m2 during K0-swelling ah' varied 
from about 40 to 140 kN/m2 for  the range of  the maximum consolidation 
pressure mentioned above.
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M a x im u m  Vert ical  E ffect ive  Stress ( o r v' m a x .  k N / m 2)
Fig. 8 - 4  T h e  e f fe c t  of  prestressing on hor izonta l  e f fe c t iv e  stress  
u n der  K 0 condi t ions .
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8.2 ANALYSIS OF PENETRATION TEST RESULTS— ■ ,   ■ „       .     f
As the boundary conditions at the top and bottom o f  the 
specimen have an influence on the penetration resistance inside 
the Triaxial chamber and on the pore water pressure generated during 
penetration testing, some of  the results are not considered in the 
analysis, especially when they are not consistent with the other 
values. The results obtained from the three penetration tests on 
Woolwich Green Sand inside the chamber are compared with the results 
o f  the penetration tests on Leighton Buzzard sand when i t  is possible 
and the abbreviation (W.G.) appears on the graphs to d i f ferent ia te  
them.
8.2.1 The Boundary Effect on Penetration Resistance
I t  is important that the ratio between the diameter o f  
the specimen and the diameter o f  the penetrometer (ds/dp) is large 
enough to prevent the boundary influencing the results o f  penetra­
tion tests. Fig. 8.5 shows the results o f  a series of  tests 
(Table 7.7) carried out in the large Triaxial chamber using penetro­
meters o f  d i f ferent  diameters and constant height driven into constant 
diameter specimensof dense uniform Leighton Buzzard f ine sand.
Using an approach suggested by Schmertmann (1979) based on the static  
resistance o f  a penetrometer, relating end bearing stress and 
ultimate side shear stress by the f r ic t ion  ratio (Begemann 1965), 
the dashed l ine is obtained when arb itrar i ly  equated to the test 
results at a penetrometer diameter o f  20 mm. The experimental data 
are a good f i t  to this l ine until ds/dp reduces to a value of  
about 17, below where the dynamic penetration resistance is increased, 
which means that the use of 20 mm diameter penetrometer on 430 mm
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Dense  uni fo rm f in e  L e ig h to n  Buzzard Sand  
Rd = 6 7 %  e = 0  • 7 2  crv' = 1 0 0  kPa cr^ = 5 0  kPa 
N o r m a l ly  C o n s o l id a ted
D ia m e te r  ra t io  ( d s / d p )
Fig. 8 -5  E f f e c t  o f  p e n e t r o m e t e r  d ia m e t e r  on p e n e t ra t io n  re s is tan ce  
in 4 3 5 m m  d i a m e t e r  sp ec im en s .
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specimen,as was the case in this research, was well above the boundary 
e f f e c t  on penetration resistance. I t  is believed that the increase 
in dynamic penetration resistance when the ratio (ds/dp) went below 
17 resulted from transient ce l l  pressure increase, as the penetrometer 
was driven into the specimen, which was noticed during the dynamic 
penetration o f  the larger penetrometer in the Triaxial chamber during 
this investigation. The evidence, therefore supports the view of  
a number o f  workers (Holden 1971) and Al-Awkati (1975) that a ratio 
o f  20 is satisfactory.
8.2.2 Influence o f  Vertical Effect ive  Stress on Penetration Resistance
The penetration resistance in blows/100 mm in the large 
Triaxial chamber for  specimens with yd = 1.55 Mg/m3 and yd = 1,41 
Mg/m3 are shown plotted against the e f f e c t iv e  vertical stress (av ‘ ) 
in Fig. 8.6. The points include normally consolidated sand having 
the same horizontal e f fec t ive  stress (ah' = 125 kN/m2) in both the 
loose and dense state of  the specimens. The data show a non-linear 
relationship between penetration resistance and vert ical  e f fec t ive  
stress. These results also indicate that the penetration resistance 
increases with increasing specimen density. As noted in Chapter 3, 
current stress levels are known to influence dynamic penetration 
test  results on normally consolidated material. The classical work 
o f  Gibbs and Holtz (1957) and the work carried out at the Wateways 
Experiment Station (WES) and reported in Marcuson and Bieganousky 
(1977, a, b) also show a non-linear relationship between SPT blow 
count (N) and the vertical e f f e c t iv e  stresses. Bel lot t i  et  al 
(1979) and Baldi et  al (1981) attributed the non-linear re lat ion­
ship to an extensive crushing o f  the sand grains and explain this 
phonomenon by the expanding cavity theory for modelling the cone 
resistance o f  materials which have curved strength envelopes even
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Vert ical  Effect ive Stress C c r j  k N / m 2 )
Fig. 8  6  Penetra t ion resistance in n o r m a l ly  co n so l id a te d  sand.  
E f fe c t  of  v e r t ic a l  stress level .
3 1 6
in the case o f  sand which does not crush. This theory is explained 
in detail in Vesic (1973), Al-Awkati (1975) and Baligh (1976).
8.2.3 Influence o f  Lateral Ef fect ive Stress on Penetration Resistance
The relationship between the penetration resistance and the 
lateral e f fec t ive  stress acting on the specimen is shown in Fig. 8.7.
The points are for  test specimens at a single density (y^ = 1.55 
Mg/m3). The points are plotted against horizontal e f fec t ive  stress, 
keeping the vert ical  e f fe c t iv e  stress constant (crv ' = 100 kN/m2).
The data show a l inear relationship between the penetration resistance 
and the horizontal e f fec t ive  stress up to crh' = 250 kN/m2, followed 
by a curved portion at higher stress leve ls .  The work o f  Bellott i 
et  al (1979) and Baldi et al (1981) show curves having a concave 
downward shape while Dikran (1983) shows a straight l ine re lat ion­
ship when keeping the vert ical e f fe c t iv e  stress unchanged and a 
concave upwards shape while changing both the vertical and the 
horizontal e f fec t ive  stress. Dikran (1983) observed that the two 
curves are very close to each other which proves that the vertical  
e f fec t ive  stress has a l imited influence on the penetration 
resistance. This evidence therefore may suggest that the horizontal 
stress is the controll ing influence on penetration resistance. I t  
could be thought, following the warning o f  Parkin and Lunne (1982) 
that these results are the e f f e c t  o f  an inadequate ratio o f  specimen 
diameter to penetrometer diameter, but as has been shown in section 8 .2.1 , 
the 20 mm diameter penetrometer which was used in this work gave 
satisfactory results concerning the boundary e f f e c t  on penetration 
resistance. I t  is most l ik e ly  that, since the penetrometer brings 
the sand to a state of  fa i lu re ,  the shearing mode involved is more 
sensitive to horizontal stress than to vert ical  stress. The 
importance o f  the lateral stresses is reported in the work of
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CTyJ- 100  k N / m 2
. ^ R e l a t i o n s h i p s  for  o~v 
^ f r o m  Fig .  8 * 6
Dr = 4 0 %  
o' y  - 6 0  k N / m 2 
( f rom  D i k r a n  1 9 8 3 )
50 100 150 200 250 300 350
Horizonta l  Effective Stress ( cr^ k N / m 2 )
Fig.  8 * 7  Penetra t ion  res is tance  in n o rm a l ly  c o n s o l id a te d  s a n d .  
E f f e c t  o f  hor izo n ta l  stress level.
Al-Awkati (1975) and Schmertmann (1979).
8.2.4 Influence o f  Mean Normal Effect ive Stress on Penetration Resistance
Fig. 8.8 shows the penetration resistance plotted against the 
mean e f f e c t i v e  normal stress (crm),  where am = 1  (av + 2ay) . The 
data are for  test specimens with y^ = 1.55 Mg/m3 and y^ = 1.41 Mg/m3.
Two points are plotted on the graph for  the penetration resistance of  
the Woolwich Green Sand at two equivelant densities. The data 
show a l inear relationship between the penetration resistance and 
the mean e f f e c t iv e  stress, also reported in the work o f  Al-Awkati 
(1975) and Dikran (1983). The two points plotted on the same figure 
for Woolwich Green sand show higher values o f  penetration resistance 
compared with Leighton Buzzard sand which agreed with the work of  
Schultze and Menzenbach (1951) and DIN 4074 (1974) on the e f f e c t  o f  
the grain size and the uniformity coe f f ic ien t  of  the soil on the 
penetration resistance.
8.2.5 Influence o f  Vertical Ef fect ive Stress and Correction for 
Effect ive  Overburden Pressure
Fig. 8.9a shows the relationship between the penetration 
resistance and the vertical e f fec t ive  stress acting on specimens of  
dense Leighton Buzzard sand under no lateral deformation (K0 condition). 
The points represented on the graph were taken from Figures 6.32,
8.6, 8.7 and 8.8 for the single density normally consolidated 
specimens and prestressed specimens with overconsolidation ratio 
equal 2. The data show a l inear relationship between the penetration 
resistance and the vertical e f fec t ive  stress above, ay' = 100 kN/m2. 
Figures 8.9b shows the relationship between the e f fec t ive  overburden 
pressure and the correction factor for  the penetration resistance for
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O Dense Le ighton Buzzard Sand  
•  Loose
■ Dense W o o l w i c h  Green  Sand  
a  Loose
Octahedral Stress ( crv + 2 c r ^ ) /  3
Fig. 8 - 8  Effect of s t r e s s  level on dynamic penetration res is tance .
Ef
fe
ct
iv
e 
O
ve
rb
ur
de
n 
Pr
es
su
re
 
( 
kN
/m
 
)
320
0 0-4 0-8 1-2 1-6 2 0 2-4
Fig. 8 - 9  The e f fec t  of overburden pressure on penetration res is tance.
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the same points on Fig. 8.9a, where the correction factor equal to 
the ratio between the penetration resistance (N1) at stress leve ls 
( c y 1 = 100, a^1 = 40 kN/m2) for  normally consolidated sand and at 
stress levels ( c y1 = 100, ah' =65  kN/m2) for the overconsolidated 
sand. The curve for  the correction factors against e f f e c t i v e  over­
burden pressure drawn from in situ test results by Peck, Hanson, 
and Thornburn (1974), is projected on the same graph to show the 
di fferences.
8.2.6 Effect o f  Stress Paths on Penetration Resistance
During penetration test ing, a number of  stress points were 
investigated using d i f fe rent  stress paths. Chapters 6 and 7 show 
al l  the stress paths with the corresponding stress points and the 
density o f  the sand with the results o f  penetration. In this section 
only two d i f ferent  stress points, for  which the largest number of  
stress paths were carried out on dense Leighton Buzzard sand with 
a single density (yd = 1.55 Mg/m3) ,  wil l  be examined. The penetra­
tion resistance obtained upon completion of  each stress path at 
av1 = 250 kN/m2, a^' = 125 kN/m2 and at c y ‘ = 100 kN/m2, a^1 =50
kN/m2 are given in Table 7.6. The stress ratio crh'/cy1 = 1  was
2
used on loading and unloading the specimen before penetration testing.
Fig. 8.10 shows the penetration resistance in blows/100 mm. 
versus the ratio between the maximum vert ical e f fec t ive  stress (tfv '(max)) 
applied on the specimen during the loading stage and the vert ical stress 
( c y1) during the penetration testing at the two stress points mentioned 
before. The e f f e c t  o f  stress path on the dynamic penetration resistance 
o f  this soil at this density and stress level is negl ig ib le .
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O Penetra t ion at  stress po in t  ( c r j  = 2 5 0  k N / m 2 c = 125  k N / m 2)
•  Penetra t ion  at  stress point C cry = 1 0 0  k N / m 2,crh = 5 0  k N / m 2 ) 
CJh/ _ ,
K =  — 7 “y  Dur ing Loading and Unloading
v
R a t io  B e tw e e n  t h e  M a x i m u m  V e r t ic a l  E f fe c t iv e  Stress ( C y ' m a x . )  
a n d  o"y d u r in g  Penetra t ion  T e s ts
Fig. 8 -10  The e f f e c t  of prestress ing on th e  dynam ic  penetration  resistance.
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Since the stress history, rather than current stress leve l ,  
has a great e f f e c t  on the deformation o f  sand, the study o f  the 
poss ib i l i ty  o f  detecting overconsolidation from dynamic penetration 
resistance is important. Overconsolidation under (K0) conditions 
which might be the process in the f i e ld ,  has the following e f fects  
on so i l :
a) Expanding the y ie ld surface and reducing the reload deformation 
(such as beneath a foundation) (D'Appolonia et  al 1970).
b) Increasing the penetration resistance due to the increase in 
the horizontal stresses above their normally consolidated K0 leve l ,  
(Marcusson and Bieganousky) (1977).
As seen in section 8.2.6, keeping the stress points at
the time o f  the penetration testing the same, prestressing will .have
l i t t l e  e f f e c t  on penetration resistance. This is not the case when 
the f inal horizontal stress is kept constant and the vert ical stress 
is varied as a small increase in dynamic penetration may occur.
Fig. 8.11 shows the e f f e c t  o f  prestressing to a constant maximum 
stress point (av ‘ = 500 kN/m2, ah' = 250 kN/m2) while stress paths 
No. 102 and 103 explained in Chapter 6 and 7 were used to obtain 
the results in Fig. 8.11. The influence o f  prestressing on penetra­
tion resistance appears to be at i t s  largest when the e f fec t ive  
principal stress ratio (ah' /av 1) used for  prestressing is maintained.
I t  can be concluded, therefore, that the major e f fe c t  o f  overconsolida­
tion under K0 conditions on dynamic penetration testing wil l  be an 
increase as a result o f  increased horizontal stress l e ve l ,  which was
shown in Fig. 8.7 to be s ignif icant.
8 . 2 . 7  E f f e c t  o f  O v e r c o n s o l i d a t i o n  o n  P e n e t r a t i o n  R e s i s t a n c e
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All  tes ts  car r ied  out at  o*h = 1 2 5  k N / m 2
 o S p ec im ens  stressed to  <rv' = 1 0 0 k N / m 2, 0 ^  = 125 k N / m 2
—  ® Spec imens prestressed to  o\ /=  5 0 0 k N / m 2, o h  = 2 5 0 k N / m 2
Vert ical  Effective Stress ( c r j  k N / m 2)
Fig.  8 - 11  E f fe c t  o f  prestress ing ( w i t h o u t  hor izon ta l  stress in c re a s e )  on 
d y n a m ic  p e n e t ra t io n  resis tance.
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Fig. 8.12 shows the e f f e c t  o f  overconsolidation ratio 
(O.C.R. = ) on the horizontal e f f e c t i v e  stress and the penetra-
Oy 1
tion resistance at the same (ov ‘ ) under zero lateral y ie ld  (KQ) condi­
tions of  loading and unloading. The data for  dynamic penetration 
resistance in blows/100 mm. were taken from Fig. 8.7 as the vert ical 
e f f e c t i v e  stress was constant at (ov ‘ = 100 kN/m2) and o^' was 
changing.
8.3 ANALYSIS OF PORE WATER PRESSURE DEVELOPED DURING DYNAMIC PENETRATION
From the test  results given in the previous chapter and the 
graphs in Appendix I I I ,  some of  the main factors which a f fec t  the 
pore pressures generated are discussed below. The tests conducted 
in this research included specimens of  two d i f ferent  types o f  sands, 
each tested at two di f ferent densities, and d i f ferent  stress paths, 
stress level and overconsolidation states o f  stress. Pore water 
pressures generated at the tip and along the side o f  25 mm diameter 
penetrometers were measured and plotted. To make the analysis more 
understandable, a key sketch is drawn in Fig. 8.13 to show d i f ferent  
parts o f  the curve with respect to the pore water pressure and the 
elapsed time. For the detail o f  each penetration test  see Chapters 
6 & 7.
8.3.1 Influence o f  Sand Type on The Generated Pore Water Pressure
The pore pressures developed in the f i r s t  three tests for  
the Woolwich Green Sand were completely d i f ferent  in magnitude and 
the shape o f  graphs from those obtained in tests on Leighton Buzzard 
sand with the similar density and tested under the same condition 
o f  stresses. Test No. 3 in Woolwich Green sand is comparable to 
test  No. 24 in the Leighton Buzzard sand, and i t  is evident from 
Fig. 8.14 that the two curves are o f  a d i f ferent  shape. The curve
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u3 Positive Pore w a te r  pressure f o l lo w s  u 2 
t ! and t 2 Elapsed t im e  for  developing and dissipating u 1 
t 3 and t 4 " " " " u2
t 5 and t 6 « " " " u 3
u in k N / m 2 and t in m i l l iseconds
Fig.  8 • 13 S ke tch  to  i l lus tra te  d i f fe r e n t  parts  of t h e  pore w a t e r  
pressure c u r v e s .
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for  test  3 has high positive pore water pressure (u-|), longer elapsed 
time for  the dissipation of  u-j, lower-negative pore water pressure 
(u2) and almost the same time ( t 3 + ty) for both o f  them, this due 
to similar coeffec ient o f  permeability according to Allen Hazen as 
dl0 for  both sands are not much d i f ferent  (Fig. 6.1). The d i f ferent  
part ic le  shape, size and the uniformity o f  grading for  both sand 
must have an e f f e c t  on the pore pressure developed during the 
penetration.
8.3.2 Influence o f  Specimen Density on The Generated Pore Water Pressures
The individual test results have indicated that the density 
o f  the specimen has a large influence on the generated pore pressures.
The influence o f  density can be studied by taking the results o f  
tests on saturated Leighton Buzzard sand at two d i f ferent  densit ies.
Fig. 8.15 shows two curves for  the average pore water pressure plotted 
against elapsed time. The f i r s t  one is plotted for  a loose specimen 
o f  Leighton Buzzard sand having yd = 1-41 Mg/m3 (Dr  ^ 30%)(test 
No. 32) and the second one for a dense specimen o f  Leighton Buzzard 
sand with y^ = 1.55 Mg/m3 (Dr  ^ 70%)(test  No. 18) The curves in 
Fig. 8.15 indicate that the dominant feature of  the curve for  the 
loose specimen was that low negative pore pressure (u2) with a short 
duration ( t 3 = 1 millisecond) were followed by high positive 
pore pressure (u3) o f  long duration (t^ + tg) = 45 m i l l i s e c . , while 
the dominant feature o f  the curve for  the dense specimen was the 
negative pore water pressure (u2) generated at elapsed time, 
t 3 = 7 mill isecond. I t  is c lear,  therefore, that the mean feature 
o f  the transient pore water pressures in loose sand is posit ive
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pressure with long duration and in dense sand is negative pressure 
with short duration. The importance o f  the density in a ffect ing 
water pressure has been reported by Clayton and Dikran (1982).
They noted that the pattern o f  pore pressure response is s ign i f icant ly  
af fected by the density o f  the specimen and local l iquefaction can 
be induced by dynamic penetration testing, i f  the re lat ive density 
and e f fec t ive  confining pressures are low.
8.3.3 Influence of  Stress Levels on Generated Pore Pressure
High stress levels applied to a specimen result in an increase 
in e f fec t ive  stresses on the sand particles with the result o f  reducing 
the chance o f  l iquefaction in loose sand, as the higher stress 
level prohibits excessive movement between the sand particles. The 
chance o f  l iquefaction would be reduced in loose sand and the 
resistance to volume change increased. Dikran (1983) concluded 
that l iquefaction occurred in loose specimens as a result o f  
the positive pore pressure exceeding the lower o f  the vert ical  or 
horizontal e f fec t ive  stresses and having re la t ive ly  long duration.
In table 8.1 results are compared from specimens with two
n
di f ferent  densities and having the same stress ratio ( c r / / a v ‘ =  — ) .
TABLE 8.1
AVERAGE VALUES OF PORE PRESSURES AND DURATIONS FOR LOOSE AND DENSE
LEIGHTON BUZZARD SAND
Test Yd <v
kN/m2
V N -ve Pore Pressure +ve PorePressure
No. Mg/m3 blows/100 mm (u2 t:3 + t 4) ( “ 3 *5 + b6)
24 1.55 100 50 5 50 16 20 22
34 1.55 250 . 125 22 70 15 20 12
10 1.55 500 250 35 85 17 3 5
9 1.41 100 50 4 17 2 25 30
8 1.41 200 100 10 20 8 .. 40 25
42 1.43 400 200 20 40 3 60 45
3 3 2
I t  may be observed from Table 8.1 that the magnitude o f  the negative 
pore water pressure (U2) in the dense specimens increased at higher 
stress level and the magnitude o f  the positive pore water pressure 
(U3) in the loose specimens also increased at higher stress leve l .
8.3.4 Influence o f  The Horizontal Effective Stress on The Generated
Pore Pressure
To i l lustrate  the e f fec t  o f  the horizontal stress on the 
generated pore pressure, specimen No. 10 was prepared to a dry 
density o f  1.55 Mg/m3 and tests No. 24 to 29 were performed on 
the specimen increasing the horizontal stress while keeping the 
vert ical  stress constant at 100 kPa. Two specimens were prepared 
in a loose state (y^ = 1.41 Mg/m3) and also tested at constant 
vertical e f fec t ive  stress. The curves obtained from those tests 
are shown in Appendix I I I ,  and the pore pressures together with 
their respective elapsed time are represented in Table 8.2.
TABLE 8.2
AVERAGE PORE WATER PRESSURE AND ELAPSED TIME FOR LOOSE AND DENSE 
LEIGHTON BUZZARD SAND AT CONSTANT (av ‘ )
Test Yd <V V N - Pore Pressure + PorePressure
No. Mg/m3 kN/m2 kN/m2 blow/100 mm (u2) ( t 3 + t 4) ( « 3) ( t 5 +
24 1.55 100 50 5 50 16 20 22
25 1.55 100 100 10 30 12 30 20
26 1.55 100 150 15 20 10 30 20
27 1.55 100 200 20 12 8 30 20
28 1.55 100 250 28 20 8 20 10
29 1.55 100 300 36 20 8 15 10
47 1.41 125 100 10 50 2 55 40
48 1.41 125 75 8 60 13 20 30
49 1.41 125 50 4 60 8 30 35
3 3 3
I t  may be observed from Table 8.2 that the magnitude o f  the negative 
pore water pressure (u2) decreased as the horizontal e f fe c t iv e  stress 
increased while the posit ive pore water pressures (u3) were unchanged. 
The situation is d i f ferent  in the loose specimens where the magnitude 
of  the negative pore water pressure (u2) increased with decreasing 
horizontal stress, while the magnitude o f  the positive pore water 
pressure (U3 ) decreased sharply with decreasing horizontal stress.
8.3.5 Influence of  The Vertical Effect ive Stress on The Generated
Pore Pressure
Two specimens were prepared to find the e f fec t  o f  the vert ical  
e f fec t ive  stress on the penetration resistance and the pore water 
pressure generated during dynamic penetration. Twelve tests were 
performed on the two specimens at the loose and dense state by 
keeping the horizontal e f fe c t iv e  stress constant at 125 kPa and 
changing the vertical  stress. Table 8.3 summarises results which 
were taken from the figures in Appendix I I I .
TABLE 8.3
AVERAGE PORE WATER PRESSURE FOR LOOSE AND DENSE LEIGHTON BUZZARD 
SAND AT CONSTANT HORIZONTAL STRESS
Test Td < y V N -Pore Pressure +Pore Pressure
No. Mg/m3 kN/m2 kN/m2 blows/100 mm (u2) ( t 3 + t 4) ( “ 3) (^5 + t 6)
16 1.55 100 125 11 45 17 10 30
17 1.55 125 125 12 35 11 30 36
18 1.55 150 125 15 20 10 20 35
19 1.55 175 125 16 20 10 20 20
20 1.55 200 125 17 18 5 20 20
21 1.55 225 125 18 25 12 20 20
22 1.55 250 125 21 27 12 20 20
23 1.55 300 125 23 30 10 20 20
31 1.43 125 125 9 10 2 25 45
32 1.43 150 125 10 10 3 30 45
33 1.43 200 125 11 20 8 30 40
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I t  may be observed from Table 8.3 that the vert ical e f fec t ive  stress 
has no s ignif icant influence on the pore water pressure i f  the 
horizontal stress is unchanged.
8.3.6 Dissipation o f  Excess Pore Water Pressure
In general, the generation and the dissipation of  the pore 
water pressures resulting from driving the penetrometer into the 
sand specimen did not exceed 50 milliseconds in al l tests. Never­
theless the elapsed time for  the penetration has had a s ignif icant 
influence on the generation o f  the pore pressure around the cone 
o f  the penetrometer. I t  was recorded from the high speed photography 
that the elapsed time for the penetration o f  the penetrometer was 
between 10-15 milliseconds measured during the penetration test on 
dense Leighton Buzzard sand normally consolidated at cr/ = 100 kN/m2, 
cr/ =50 kN/m2. Fig. 8.14 shows the elapsed time for penetration 
plotted on the corresponding pore water pressure curve which demonstrates 
that the pore pressure generates during the penetration only, then 
starts to dissipate taking d i f ferent  shapes depending on the 
and density o f  the sand and the vert ical  and horizontal stresses 
on the specimen during the penetration.
8.3.7 Pore Water Pressure Generated Around The Tip and At The
Side o f  The Penetrometer
The 25 mm diameter penetrometer was built  to accommodate 
two transducers, one inside the 60° apex cone and the other on the 
side at two d i f fe ren t  levels along i ts  stem. Two specimens were 
prepared to the same density o f  saturated Leighton Buzzard sand 
and three penetration tests were carried out on them. The pore 
pressures were measured and averaged for  the three positions 
mentioned above. Fig. 8.16 shows the change o f  the maximum negative
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Fig. 8 - 1 6  Negative  pore w a t e r  pressure developed during
dynamic  penetrat ion on dense Leighton Buzzard Sand .
i
3 3 6
values o f  pore water pressure at the three position along the 
penetrometer. The results demonstrated that the pore water pressure 
was high around the cone o f  the penetrometer and i ts  value was 
decreasing along the side for  a distance equivalant to three diameters 
from the tip o f  the penetrometer. The evidence therefore supports 
the view o f  a number o f  workers (Moller and Bergdahl, 1981 Fig. 3.8) 
on the dynamic pore pressure around a p i le  in f ine sand after  
impact that the magnitude of  the negative pore water pressure 
decreases to a distance equivalant to six diameters of  the p i le  
and also support the work by Baligh and Vivatrat,(  1979) on the 
e f f e c t  o f  f i l t e r  position on pore pressure measurements which 
showed that the pore water pressure was constant around the cone 
at the lower end o f  the penetrometer and kept decreasing to a 
distance equivalant to eight diameters from the tip along the 
side 6f  the penetrometer, becoming constant after this distance.
Baligh et  al (1977, 1980) argued that pore pressures near the cone 
for  so f t  clays with low overconsolidation ratios, must increase 
not only to res is t  the compressive stresses caused by penetration, 
but also because o f  the large shear strains.
Nearly al l the available theories for  the prediction o f  the 
excess pore pressure generated by a steady penetration of  a cylindrical 
hole in the surrounding mass o f  soil use the idea that the fa i lure  
phenomena under the tip may be simulated by the expansion of  a 
spherical cavity in an ideally e lasto-plast ic  medium (Vesic, 1963,
1973, Al-Awkati, 1975, Baligh, 1975). The stress and strain induced 
along the shaft o f  the penetrating cylinder, however, are probably 
more consistent with the assumptions o f  the cylindrical cavity 
expansion.
3 3 7
For the purpose o f  comparing the compressibility o f  specimens 
at d i f ferent  stress states and subjected to di f ferent stress paths, 
a tangent deformation modulus (Mt) was determined at the end of  
43 d i f ferent  stress path tests using a standard stress increment 
o f  Aav ‘ = 100 kN/m2, Aa^' = 30 kN/m2 as explained in detail in 
Chapter 6 and 7 o f  this thesis. When corrections were made for  the 
influence of  cel l  and lower chamber oressure i t  was possible to predict 
changes in axial d ia l  gauge readings to an overall accuracy.of ± 0.01 mm.
The axial strain o f  specimens o f  dense Leighton Buzzard sand (37.0x73.2mm) was 
determined from external displacement measurement. Tests by Daramola 
(1978) have shown bedding errors due to the measurement o f  overall 
strain by an external gauge in tr iax ia l  samples. From his results, 
i t  appears that the degree o f  the errors depends on many factors , 
among which are the type and density o f  the sand being tested, and 
the ski l l  o f  the operator. Greater average errors are generally 
associated with loose samples, and the bedding errors can be sub­
stantia lly  reduced by small anisotropic stresses, provided that 
subsequent unloading does not proceed beyond the isotropic stress 
state. Daramola (1978) studied the variation between the internal 
strain and the average strain of  specimens of  sand tested under 
d i f ferent  stress paths with anisotropic consolidation. From his 
results, he concluded that at low stress leve ls ,  when the errors 
were highest, the worst average error at 0. 1% strain was about 
50% and in some cases, the average error at this strain was almost 
negl ig ible.  The e f f e c t  o f  anisotropic consolidation to a higher 
stress level was to further reduce the average errors, and at over­
al l  strains greater than 0.3%, these became insignificant. In this 
work Mt was determined at the end o f  anisotropic consolidations of
8 . 4  ANALYSIS OF COM PRE SS IBI LIT Y TESTING
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43 d i f ferent  stress paths including eight K0 paths where the strains 
ranged between 0.6- 1.0 per cent,before applying the standard 
increment mentioned above. Lambrechts and Leonards (1978) performed 
compression tests on specimens o f  sand with lubricated end platens 
as a reference, but i t  is probable that at low e f fec t ive  stress ratios 
platen restraint does not s ign i f icant ly  increase the measured modulus.
I t  is l ik e ly  that the measured modulus wil l  be decreased below the true 
value by using the lubricated end platens when fa i lure is not approached, 
because bedding errors must be increased.
All the tests in this research were carried out immediately 
a f ter  preperation o f  the specimens, and typically  took less than 
24 hours to complete. The e f fe c t  o f  age is not therefore considered.
As previously explained dense specimens o f  Leighton Buzzard sand 
were tested in the compression tests. The consistency and the 
repeatabil ity o f  the results was assessed by repeating some of  
the tests twice or sometimes three times and i t  therefore appears 
that re l iab le  values o f  Tangent Deformation Modulus (Mt) should have 
resulted from the stress increments used in this research. Fig. 8.17 
shows two curves for  the relat ion between the vertical e f fec t ive  
stress and the change in height o f  two specimens o f  sand tested 
under the same stress path. The rests o f  the repeated test results 
are saved in the cartridges which are tabulated in Appendix II and can 
be processed at any time. Table 8.4 demonstrates the values of  
Mt obtained from identical tests and stress paths on d i f ferent  
specimens tested under the same condition o f  loading.
C
H
A
N
G
E
 
IN
 
H
E
IG
H
T
 
< 
m
m
3 3 9
E F F E C T I V E  A X I A L  S T R E S S ( k P a )
0  1 0 0  2 0 0
( S t r o « «  P d ^ h  4 0 7  R * p « a te d  T w io ®  On TWO
S peo  i  m «no)
3 4 0
REPEATABILITY OF Mt VALUES OBTAINED FROM IDENTICAL TESTS
TABLE 8 . 4
Stress Path Stress Level 0.C.R Mt*j Mt2 Mt3 Mt4
No. cv '(kN/m2) a^'(kN/m2) - MN/m2 MN/m2 MN/m2 MN/m
206 100 125 2 1 229 219 230 _
2
207 100 50 1 76 80 75 78
212 250 125 1 80 86 96 78
213 100 ' 125 1 121 150 125 120
217 250 125 2 250 248 - -
218 150 125 1 141 140 - -
220 200 125 1 90 86 93 -
222 100 50 5 182 211 176 180
234 250 125 1 241 260 240 -
401 100 65 2 165 166 - -
405 100 40 1 62 62 - -
407 100 58 1 1 102 102 - -
2
8.4.1 The Effect o f  Stress Level on Compressibility
Under constant stress ratio conditions, such as the K consolida­
tion and swelling condition, i t  has been shown in Chapter 4 (Table 
4. 1) o f  this thesis that the compressibility o f  normally consolidated 
specimens may be an approximate function of  the square root o f  vertical 
stress leve l .  Thus, for depths o f  4 to 25 mi below ground le ve l ,  the 
compressibil ity o f  a normally consolidated granular material might 
be expected to vary only by a factor o f  about 3, assuming a constant ratio 
between vert ical  e f fec t ive  stress and depth.
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Fig. 8.18 shows values o f  Mt at d i f ferent  stress levels
for  normally consolidated specimens. I t  can be seen in Fig. 8.18
that the values o f  Mt are re la t ive ly  uniform, and for a constant
horizontal e f f e c t iv e  stress o f  125 kN/m2 the modulus increases as
the vertical stress at the start  o f  the stress increment is decreased.
This occurs because for  the stress increment (Aa/ = 100, Acr/ = 30
kN/m2) at the end o f  the Stress path with higher vertical  e f fec t ive
stress, the average principal stress ratio (a//av ‘ ) is lower than
the-stress path with the lower vert ical  e f fec t ive  stress, therefore
Mt is lower for the higher vertical e f f e c t iv e  stress; For example
for  a stress path ending at stress level (av 1 = 100, ah' = 125 kN/m2)
the average stress ratio during the application of  the increment
is .IftP., while the average ratio is for  the stress path ending at 
150 300
(av 1 = 250, ah' = 125 kN/m2).
8.4.2 The Effect o f  Stress Path on Compressibility
Stress path has a considerable e f f e c t  on compressibility.
Table 7.8 in Chapter 7 shows values o f  (Mt) a fter 43 d i f ferent  
stress paths. For normally consolidated specimens, where stress 
paths Nos. 212, 213, 218, 219, 221, 226 and 234 shown in Fig. 6.28,
6.30 and 6.31 in Chapter 6, are applied on the specimens before 
applying the standard increment, the results o f  Mt are widely 
d i f ferent .  Overconsolidated specimens, after  prestress­
ing under constant stress rat io (Qv ' = 2)(such as stress paths
ah‘
No. 212 and 224 shown in Fig. 6.28 and 6.31) showed a noticable 
e f f e c t  on the results o f  (Mt). The most s ignif icant results in terms o f  
Mt , however occur when the soil is overconsolidated in terms of 
principal stress rat io  o f  v '/ah' 9 (compare the results o f  stress 
path No. 212 and stress path No. 234 in Fig. 6.28). The tangent
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K e y  1 4 5  t a n g e n t  m o d u lu s  for  s t ress  in c re m e n t  s ta r t in g  
^t th is  point  ( M t  M N / m 2 )
1 4 5
Vert ica l  Effective Stress { c r j  k N / m 2 )
Fig.  8 18 V a r ia b i l i t y  of  t a n g e n t  m odu l i  fo r  n o r m a l l y  conso l ida ted  
s p e c i m e n s .
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modulus (Mt) for  the prestressed specimen (S.P 234) where the applied 
increment did not exceed the previous maximum stress rat io (oy '/a^1) 
was three times higher than the normally consolidated value o f  stress 
path No. 212, despite the re la t ive ly  small difference in stress path.
8.4.3 Effect o f  Overconsolidation on Compressibility
Overconsolidation was investigated for two stress points 
(av ‘ = 250 kN/m2, ah' = 125 kN/m2 and av' = 100 kN/m2, ah' = 50 
kN/m2).  The loading and unloading during the prestressing o f  al l  
the specimens for this investigation was carried out at constant 
stress ratio {ay'/c^ 1 = 2) and the standard increment o f  Aav ' = 100 
kN/m2, Aah* = 30 kN/m2 was applied once prestressing was complete. 
Fig. 8.19 shows the change in tangent deformation modulus Mt versus 
the overconsolidation stress increase for the two stress points 
mentioned above. The Mt values vary from 80 MN/m2 to about 450 
MN/m2. This increase (about 6 times) is not as large as that found 
by Lambrechts and Leonards (1978). Since the sand used for  this 
part o f  the research (Leighton Buzzard sand) is similar to that 
used by Lambrechts and Leonards in their research and the results 
o f  tests shown in Table 7.8 are consistent within themselves as 
Table 8.4 shows, i t  is possible that the results obtained by 
Lambrechts and Leonards (1978) for  the normally consolidated 
material, of  8.3 MN/m2 is in error, since i t  appeared very low.
The results from four compression tests Fig. 7.41 using a Rowe c e l l ,  
carried out on the Leighton Buzzard sand at four di f ferent  densities 
showed a minimum value o f  Mt = 40 MN/m2 at the loosest state o f  sand, 
normally consolidated under KQ conditions.
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o  <JV = 2 5 0 k N / m 2 , crh -  1 2 5 k N / m 2
□ crv ' = 100  k N / m 2 , crh = 5 0  k N / m 2
Overconsolidation Stress Increase  
C a crv/ k N / m 2 )
Fi g.  8-  19 E f fe c t  of overconsol idation on ta n g e n t  d e fo rm a t io n  
m o d u lu s .
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I t  is therefore concluded that for  this sand, stress l e v e l ,  
stress path and overconsolidation all  have a s ignif icant e f f e c t  on 
compressibility. Whereas stress level is unlikely to account for  
a change in modulus o f  more than x 2-3, overconsolidation has a 
pronounced e f f e c t ,  as do minor variations o f  stress path.
8.5 ESTIMATION OF MODULUS OF COMPRESSIBILITY FROM DYNAMIC
PENETRATION RESISTANCE
I t  has been shown that the compressibility o f  the sand is not 
strongly affected by stress l e v e l ,  but is affected very s ign i f icant ly  
by prestressing in any form, whereas dynamic penetration resistance 
is strongly affected by current stress l e ve l ,  and particularly 
horizontal e f f e c t iv e  stress. I t  is not affected by prestressing, 
for  example, or by overconsolidation, i f  this is not associated 
with a permanent horizontal stress increase. Fig. 8.20 shows the 
relationship between Tangent deformation modulus (Mt) and dynamic 
penetration resistance, for  a l l  the tests carried out on the single 
density specimens.
Normally consolidated sand gives a wide range o f  penetration 
resistance (6-36 blows/100 mm. depending on current stress l e v e l ) ,  
but Mt does not vary s ign i f icant ly  (76 to 162 MN/m2).  Conversely, 
overconsolidated specimens y ie ld  a wide range of  modulus for  the 
same penetration resistance. I t  is clear from Fig. 8.20 that the 
relationship between Mt and N1 varies by about ten times, from 
Mt : 4 N' to Mt : 40 N'. Settlement analysis for this sand at 
this density could, therefore, be in error by up to ± 4 times i f  
based on dynamic penetration resistance. Although there is l i t t l e  
or no record o f  the typical stress history o f  granular soil in the 
l i terature ,  some o f  the stress paths used in this research are
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•  O v e r  con so l id a ted  
■  N o r m a l ly  co n so l id a ted
Dynamic Penetration Resistance C b l o w s / 1 0 0 m m )
Fig.  8 * 2 0  C orre la t ion  b e tw e e n  d y n am ic  penet ra t ion resistance  
and t a n g e n t  d e f o r m a t i o n  m o d u lu s .
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unlikely to happen in the f i e ld .  K0 loading and unloading can be 
considered as a simple stress path which can be approximated to that 
in the f i e ld .  As explained in Chapter 6 and 7 a series o f  KQ load­
ing and unloading stress paths were carried out to d i f ferent  
maximum stress levels.  All specimens were then unloaded along a 
zero lateral deformation stress path to an e f fec t ive  vert ical  stress 
level o f  100 kN/m2 and the standard increment (Aav ‘ = 100 kN/m2,
Aa^' = 30 kN/m2) was applied as shown in Fig. 6.32.
Fig. 8.21 shows the relationship between the maximum vertical
e f fe c t iv e  stress and the tangent deformation Modulus (Mt) . I t  
can be seen in Fig. 8.21 that once the stress increment did not 
exceed the previous vertical stress l e v e l ,  the overconsolidation 
had re la t ive ly  l i t t l e  e f fe c t  on Mt. I t  was also found from 
Fig. 8.12 that the increase in horizontal stress resulting from 
overconsolidation at the same vert ical  stress level (av ‘ = 100 
kN/m2) was not l inear with maximum past vert ical e f fec t ive  stress 
leve l ,  and probably has a maximum value o f  170 kN/m2 which will  
not be exceeded regardless of  the extent o f  overconsolidation.
Fig. 8.22 shows the relationship between N' and Mt taken from
the results o f  tests carried out on specimens loaded and unloaded
under K0 conditions. The values o f  Mt were taken from Table 7.8 
while the N' values were taken from Fig. 8.7 in this chapter. I t  
can be seen in Fig. 8.22 that the relationship between Mt and N1 
during progressively greater overconsolidation is therefore not 
l inear,  but fa l l s  within certain l imits .  For this single value 
o f  vert ical e f fec t ive  stress (100 kN/m2) and for the single dry 
density (yd =1.55 Mg/m3) used in these experiments, the ratio 
Mt/N1 increases from 12.4 to 20.8 MN/m2/blows/100 mm and then
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tn
M a x im u m  Vert ical  E f fe c t ive  Stress  
( c rv 1 k N / m 2 )
Fig. 8 - 21  T h e  e f f e c t  o f  prestressing on tan g e n t  de form at ion  modulus  
under l<o c ond i t ion
in
J3
3
T3
D ynam ic  Penetration Resis tance ( B l o w s / 1 0 0 m m  )
Fig. 8 2 2  Dense uniform Leighton Buzzard Sand (no lateral y ie ld)
8.6 THE PROBLEMS OF PREDICTING SETTLEMENTS IN GRANULAR SOIL
I t  is known that since the factors affecting compressibility 
and penetration resistance are d i f fe ren t ,  or o f  d i f ferent  influence 
on soil compressibility and penetration resistance, settlement 
prediction from penetration tests must have l imited accuracy. The 
range o f  predicted settlements from S.P.T results is wide; Bratchell , 
Leggatt and Simons (1975) suggested a ratio o f  about 4 o f  the 
maximum predicted settlement to minimum predicted settlement. I t  
has been shown from the results o f  this research on a single density, 
dense Leighton Buzzard sand, that whereas overconsolidation does not 
a f fe c t  the penetration resistance, the current stress level and 
particularly horizontal stress level strongly a f fec t  the dynamic 
penetration resistance. On the other hand the compressibility of 
sand is affected very s igni f icantly  by prestressing in any form, 
but i t  is not strongly affected by stress leve l .  This indicates 
that i t  is unlikely that dynamic penetration test results w i l l  give 
an adequate knowledge o f  compressibility, as there is no unique 
relationship between penetration resistance and tangent deformation 
modulus. Prestressing without stress increase leads to an increase 
in modulus, without a corresponding increase in penetration resistance. 
Overconsolidation under KQ condition of  loading and unloading increases 
both the dynamic penetration resistance and the modulus of  compressi­
b i l i t y ,  but the rate o f  increase o f  modulus is greater than under 
normally consolidated vertical stress increase. Since i t  is unlikely 
that the past stress path or present overconsolidation ratio can be 
determined from the results o f  dynamic penetration tests, the accuracy 
o f  predictions o f  structural settlements must be unknown even i f  the
3 4 9
p r o g r e s s i v e l y  f a l l s  b a c k ,  a p p r o x i m a t e l y  t o  i t s  i n i t i a l  v a l u e .
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other factors remain constant. Therefore engineers must accept 
the l imitations o f  using dynamic penetration test results for the 
prediction o f  settlements even though techniques may be improved 
in the future.
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CHAPTER 9 
CONCLUSIONS
9.0 INTRODUCTION
This thesis involves dynamic penetration resistance and 
compressibility in granular so i l .
In this chapter, the main conclusions o f  the research wil l  be 
presented. The topics discussed are divided as follows: 
a- New techniques for carrying out K0 tr iax ia l  tests on sand 
specimens and the equipment used for  the tests, 
b- Conclusions from the penetration testing programme which 
includes pore water pressures generated during dynamic penetration, 
elapsed time for penetration, and the scale e f fe c t  inside the 
tr iax ia l  chamber during the tests.
c- Conclusions from the compressibility testing at d i f ferent  
stress paths.
d- The factors controlling the compressibility and penetration 
resistance and the ab i l i t y  o f  a dynamic penetrometer to predict 
the compressibility o f  sand.
9.1 Kq TRIAXIAL TESTS'ON SAND SPECIMENS
Two techniques described in this thesis for  carrying out K0 
tr iax ia l  tests on sand specimens are new. The f i r s t  used the volume 
change control approach (Bishop (1950, 1958) in a novel way, whilst 
the second used a modified form o f  the Bishop caliper (Bishop and 
Henkel (1957), Bishop (1958) to detect lateral strain at the mid­
height o f  the specimen. The linear Hall e f f e c t  device used in the 
second technique is readily avai lable, extremely cheap,robust, very
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l igh t  and is small. The accuracy with which caliper movement can be 
detected with this device using standard laboratory equipment is 0.5 
micron, compared with 8 micron quoted by Bishop (1958) and 25 micron 
quoted by Bishop and Henkel (1957). The device can be used inside 
tr iax ia l  apparatus without using a transparent ce l l  to observe the 
caliper during the test. The test is carried out using computer 
control to maintain KQ conditions, displaying and printing the 
cell  and back pressure required to maintain KQ conditions with time.
A fu l l y  automated computer control system can be acheived in this test  
by introducing an internal load c e l l ,  which can be linked to the 
computer and in turn be processed to produce the results as required 
by the operator. Very good agreement between the calculated volume 
change (heightchange x cross-sectional area) and measured volume 
change (from burettes)was obtained from about twenty KQ test results. 
The Kq consolidation stress paths obtained using this system were 
smooth, stable, and repeated consistently for  all  tests. The f i r s t  
technique for carrying out KQ test mentioned in this section has 
been used with a Bishop/Wesley ce l l  (Bishop and Wesley (1975)) in 
conjuction with computer controlled pressure controllers and a 
desk-top computer. In this system i t  is important that thorough 
calibration is carried out since al l  measurements are carried out 
remote from the specimen. In particular specimen height changes 
must be calculated taking into account such factors as lower chamber 
ro l l ing diaphragm extension and cel l  extension under increasing 
pressure, and the compression o f  any a ir  which might unavoidably be 
l e f t  in the lower chamber.
By comparing the results o f  a test  on 38 mm diameter specimen 
with the results from the 100 mm diameter specimen o f  the same sand 
at the same density, the 100 mm diameter specimen gives a value for
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Kq o f  0.40, while the 38 mm diameter specimen yields only 0.35. In view 
o f  the fact  that the maximum volumetric decrease o f  the 38 mm diameter 
specimen would be only o f  the order o f  0.4 cubic centimeters, this 
result indicates that the method w i l l  only work sat is factor i ly  for 
more compressible so i ls ,  such as clays, or perhaps for larger 
specimens in the case o f  sand. In these cases the membrane penetra­
tion, and the movement of  the membrane into more positive contact 
with the specimen, porous discs, top cap, and pedestal wil l  not 
contribute a s ignif icant proportion o f  the volume change.
9.2 CONCLUSIONS FROM THE PENETRATION TESTING PROGRAMMES
The boundary conditions at the top and bottom o f  the chamber 
were found to have an influence on the results o f  the penetration 
resistance at the extreme ends o f  the specimen and to have more 
e f f e c t  on the pore water pressure recorded during the penetration.
Many conclusions were drawn from the results of  penetration tests.
These wil l  be summarised in the following paragraphs. Type, 
grading and partic le  size of  sand were found to have an e f fe c t  
on the penetration resistance.
The specimen density o f  the same type of  sand has an important 
influence on the penetration resistance. The results o f  the tests 
showed c learly  that the penetration resistance increased with 
increasing dry density o f  the saturated specimen.
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9.2.1 Effect o f  Stress Level
Current stress levels  are known to influence dynamic penetration 
test results on normally consolidated material. I t  is l ike ly  that, 
since the penetrometer brings the soil  to a state of fa i lure ,  the 
shearing mode involved is more sensit ive to horizontal stress than 
to vert ical  stress.
9.2.2 Effect o f  Stress Path
The e f f e c t  o f  stress path on the dynamic penetration resistance 
o f  sand at the same density and stress level appears to be negl ig ib le ,  
even for  stress paths involving s ignif icant prestressing.
9.2.3 Effect o f  Overconsolidation
Overconsolidation under KQ conditions, which might be broadly 
the process in the f i e l d ,  has an important e f fe c t  on the penetration 
resistance. Since the horizontal stresses are increased above their 
normally consolidated Ko leve l ,  an increase in penetration resistance 
re la t ive  to the normally consolidated state would then be expected.
I t  can therefore be concluded that the major e f fe c t  o f  overconsolida­
tion under K0 conditions on dynamic penetration testing wil l  be an. 
increase as a result  o f  increased horizontal stress leve ls .
9.3 PORE WATER PRESSURE GENERATED DURING DYNAMIC PENETRATION
The test results o f  pore water pressure generated during 
dynamic penetration indicated that the density o f  the specimen 
had a large influence on the pore water pressures. The dominant 
feature in tests carried out an loose specimens was that high
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posit ive pore pressures were observed, while negative pore pressures 
were detected during dynamic penetration tests on dense specimens.
In both cases the stress levels were observed to have an influence 
on the generated pore pressure.
The three tests carried out on the Woolwich Green sand indicated 
the influence of  the sand type on the generated pore pressures, as 
they showed lower values on the negative pore water pressure for tests 
carried out on very dense specimens o f  course well graded sand, where 
no posit ive pore water pressure was recorded.
The pore water pressure measured around the cone and along the 
side o f  the penetrometer during dynamic penetration indicated that 
the negative pore pressure decreases to a distance of  three diameter 
from the cone o f  the penetrometer. The length of  time during which 
the penetrometer moves under a dynamic blow, which was found by 
high speed photgraphy,is equivalant to the elapsed time for the 
generation o f  the negative pore water pressure around the tip o f  
the penetrometer.
9.4 THE BOUNDARY EFFECT ON PENETRATION RESISTANCE
From the results o f  a series o f  tests carried out in the tr iax ia l  
chamber, using penetrometers o f  d i f ferent  diameters and constant height, 
the experimental data showed a good f i t  to the approach suggested by 
Schmertmann (1979) based on the stat ic  resistance o f  a penetrometer until 
the ratio between the diameter o f  the specimen to the diameter o f  the 
penetrometer reduced to a value o f  about 17. This suggests that, for  the 
type o f  penetrometers and chamber used in this research, the chamber was 
large enough to prevent the influence o f  the lateral boundary on the 
test  results.
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For the purpose of  comparing the compressibility o f  specimens 
at d i f fe ren t  stress states and subjected to d i f ferent  stress paths, 
a tangent deformation modulus was determined using a standard stress 
increment o f  Aav ‘ = 100 kN/m2, A c t /  = 30 kN/m2 at the end o f  each 
stress path test.  Stress path tests were carried out on 38 mm diameter 
specimens. The axial strain was determined from external displace­
ment measurement, without using lubricated end platens. Tests by 
Daramola (1978) have shown the influence o f  bedding for  sand 
specimens where strains were measured externally, and on the middle 
third o f  the specimen. From his results, i t  appears that in i t ia l  
anisotropic stressing largely removes bedding errors, provided 
subsequent unloading does not cross the isotropic stress state.
Loose samples were also found, on average, to give greater errors 
than dense samples. I t  appears that reasonable values of tangent 
deformation modulus should have resulted from the stress increment 
used in this work.
9.5.1 Effects o f  Stress Level
The test results obtained from this research indicate re la t ive ly  
uniform moduli for  normally consolidated specimens at the same stress 
rat io .  They indicated also the re la t ive  importance of  increases in 
principal stress ratio and average stress level in controlling 
compressibility.
9.5.2 Effect o f  Stress Path
Stress path has a very considerable influence on compressibil i ty. 
The most noticeable results, however, occur when the sand is prestressed 
in terms o f  principal stress ratio (a//crv i )  when the applied stress
9 . 5  CONCLUSIONS FROM COM PRE SS IB ILI TY  TESTING
3 5 7
increment does not exceed the previous maximum ratio o f  Oy '/o f  .
These results showed a threefold increase in tangent modulus 
over the normally consolidated value, despite a re la t ive ly  small 
difference in stress path.
9.5.3 Effect o f  Overconsolidation
From the results o f  prestressing at two stress points
{ o f  = 250, o f  = 125 kN/m2) and [ o f  = 100, o f  = 50 kN/m2) ,  which
was carried out at constant stress ratio (a^ -,' /av ' = 1 )  * Fig. 8.19 
shows that the tangent modulus (Mt) climbs from 80 MN/m2 for .a  normally 
consolidated specimen to 450 MN/m2 fo r  a prestressed specimen at 
stress point (av ‘ = 250, o f  = 125 kN/m2) with an .overconsolidation rat io 
(ay1(max)) equal to 5,
Oy I
I t  is ,  therefore, concluded that for  the sand used in this
research, stress leve l ,  stress path and overconsolidation al l have
a signif icant e f f e c t  on compressibil ity. Whereas stress level is 
unlikely to account for a change in modulus o f  more than x 2, over­
consolidation has a pronounced e f f e c t ,  as dominor variations of  
stress path.
9.6 ESTIMATION OF MODULUS OF COMPRESSIBILITY FROM DYNAMIC
PENETRATION RESISTANCE
I t  has been shown from the results o f  this research on a 
single density, dense Leighton Buzzard sand, that whereas dynamic 
penetration resistance is strongly affected by current stress l e v e l ,  
and particularly horizontal e f f e c t i v e  stress leve l ,  i t  is not af fected 
by prestressing, fo r  example by overconsolidation, i f  this is not 
associated with permanent horizontal stress increase. On the other
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hand, the compressibility o f  the sand is not strongly affected by 
stress l e ve l ,  but is affected very s igni f icantly  by prestressing in 
any form. This indicates that i t  is unlikely that dynamic penetra­
tion test results w i l l  give an adequate guide to compressibility.
I t  i s ,  therefore, concluded that for  a single sand, at a single 
density, there is no unique relationship between penetration and 
tangent deformation modulus. Prestressing without stress increase 
leads to an increase in modulus, without a corresponding increase 
in penetration resistance.
Overconsolidation with zero lateral  strain leads to increase 
in both the modulus and the dynamic penetration resistance, but the 
rate of  increase of  modulus is greater than under normally consolidated 
vertical stress increase. Since i t  is impossible to deduce either past 
stress path or present overconsolidation ratio from the results of  
dynamic penetration tests, the accuracy o f  predictions of  structural 
settlements must be unknown even i f  al l  the other factors remain 
constant. In continuing to use dynamic penetration test  results, 
engineers must accept their l imitations even though techniques may 
be improved in the future.
I t  is expected that similar influences exist  for  the quasi­
stat ic  cone test,  since this test  also involves fa i lure  o f  the 
s o i l .
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P r o c .  R o s c o e  M e m o r i a l  Sympos ium on  t h e  S t r e s s - S t r a i n  
b e h a v i o u r  o f  s o i l s ,  s e s s i o n  3 ,  p p .  3 4 7 - 3 6 1 .
WROTH, C . P .  and BASSETT,  R . H .  ( 1 9 6 5 ) .
" A  s t r e s s - s t r a i n  r e l a t i o n s h i p  f o r  t h e  s h e a r i n g  b e h a v i o u r  
o f  a s a n d " .
G e o t e c h n i q u e ,  V o l .  1 5 ,  N o .  1 ,  p p .  3 2 - 5 6 .
WROTH, C . P .  and HUGHES, J . M . O .  ( 1 9 7 3 ) .
"A n i n s t r u m e n t  f o r  t h e  i n - s i t u  m e a s u r e m e n t  o f  t h e  
p r o p e r t i e s  o f  s o f t  c l a y s " .
P r o c .  8th  I n t .  C o n f .  S o i l  Mech .  and Found.  E n g n g ,  
M o s co w ,  V o l .  1 ,  p p .  4 8 7 - 4 9 4 .
WU, T . H .  ( 1 9 6 6 ) .
S o i l  M e c h a n i c s .  A l l y n  and B a c o n .
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Y A G I ,  N . ,  ENOKI ,  M . ,  and VATABE,  R.  ( 1 9 8 2 ) .
" I n f l u e n c e  o f  p o r e  w a t e r  p r e s s u r e  on d y n a m ic  and s t a t i c  
p e n e t r a t i o n  t e s t i n g " .
P r o c .  2nd E u r .  Symp. on P e n e t r a t i o n  T e s t . ,  A m s t e r d a m ,  
V o l .  1 ,  p p .  3 7 5 - 3 8 0 .
Y O S H IM I , Y . ,  KUWABARA, F . ,  and TOKIMATSU,  K . ,  ( 1 9 7 5 ) .
" O n e  -  d i m e n s i o n a l  v o lu m e  c h a n g e  c h a r a c t e r i s t i c s  o f  s and  
u n d e r  v e r y  l o w  c o n f i n i n g  s t r e s s e s " .
S o i l  and F o u n d a t i o n s ,  V o l .  1 5 ,  No .  3 ,  p p .  2 1 7 - 2 2 1 .
Z0L K0V,  E .  and WISEMAN, G. ( 1 9 6 5 ) .
" E n g i n e e r i n g  p r o p e r t i e s  o f  dune and b e a c h  sands  and 
t h e  i n f l u e n c e  o f  s t r e s s  h i s t o r y " .
P r o c .  6t h  I n t .  C o n f .  S . M . F . E . ,  V o l .  1 ,  p p .  1 3 4 - 1 3 8 .
ZUIDBERG, H.M.  ( 1 9 7 4 ) .
" U s e  o f  S t a t i c  Cone  P e n e t r o m e t e r  T e s t i n g  i n  t h e  N o r t h  S e a " .  
P r o c .  E u r .  Symp. P e n e t r a t i o n  T e s t ,  S t o c k h o l m ,  2 . 2 ,  
pp .  4 3 3 - 4 3 6 .
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APPENDIX I
HARD COPIES OF PROGRAMS • AND DATA 
PRINTED
FROM TWO TYPES OF DESKTOP COMPUTER 
USED
THROUGHOUT THE RESEARCH
387
P R O G R A M  1 C h P 9 8 2 5 A  >
P r o g r a m  t o  r e a d  a n d  e a v e  d a t a  f r o m  2 o h a n n e  1 © 
o f  d a t a 1a b  ( D L 9 2 0  ) T r a n s i e n t  R o o o r d e r
0: "Program to read data from 2 channels of a datalabDL920 Trans Rec": 
Is dim A$[4128]
2: for 1=1 to 50 
3; beep 
4: wait 100
5: next I
6 : dsp "INSERT DATA TAPE:Press CONTINUE";stp
7: rew;avd
8: buf "CBuf", A$, 3
9: for J=0 to 1
10: for 1=0 to 24
11: dsp "PRESS CONTINUE TO TAKE DATA"?Stp
12: tfr 708,"CBuf",4096
13: rds ( "C3 uf ") ->B; if B=-l?jmp 0
14: fxd 0?prt "# 8ytes=",3
15: clr 708
16; "XX":trk J;fdf Ijrnrk l,4500?fdf l?rcf I,A$
17: vfy r1;if rl#0;gto "XX"
18: prt "Track No.",J 
19: prt "File No.",I 
20: buf "CBuf"
2 1: next I 
22: next J 
23: end 
*7179
3 8 8
P R O G R A M  2 < h p  9 8 2 5 A  >
P r o g r a m  t o  plot. B i t e  v e r s u s  T r a n s i e n t  R e c o r d e r
R e a d i n g  N u m b e r s  P n o m  t h ©  d a t a  s a v e d  in t h e
C a r t r i d g e s  ( P r o g r a m  1 )
Os dim A$ [4128j ; d im B$[4Q]
Is fxd 0;buf "DATA",A$,1 
2s for 1=1 to 5
3s if 1=1;wrt 705, "ip714,1218,3091, 7210"
4s if 1=2;wrt 705,"ip3502,1218,5895, 7210"
5s if 1=3;wrt 705,"ip6299,1218,8691,7210"
6s if 1=4;wrt 705,"ip9104 ,1218,11491, 7210"
7s if 1=5;wrt 705,"ipll899,1218,14285,7210“
8s sci 250,0,0,1500
9s csiz 3,1,1,0
10s xax 0,20,0,250,2
11s if 1 = 5; yax 0,200,0,1500 ,1
12s csiz 3,1,1,180;plt 100,-200,1;Ibl "Bits"
13s ent "Trackitfo." ,T, "File wo.",F 
14s trk T;fdf F;fdf F;ldf F,A$
15s ent "Do you require Ch.2 l=yes" ,K 
16s if K=l;gsb "Ch.2"
17: for J=1 to 400
18 s rdD ("DATA" ) -+A
19s next J
20s for J=1 to 1500
21: rdb ("DATA" ) -+A
22s if J =1; pit A,J,l;gto "XX"
23s pit A,J ,2 
24: "XX"s next J 
25s pen;csiz 3,1,1,90 
26: ent "COMMEWTS",B$
27s pit 240,1600,1;lbl B$
28s pit 210,1600,1;lbl "Track No.",T
29s pit 180,1600,l;lbl "File Wo.",F
30: ent "Trans Rec.Time Base in micro sec",rl
31s pit 150,1600,1;lbl "Trans Rec Time base",rl,"micro sec"
32: buf "DATA"
33: next I
34: pit -40,600,1;lbl "Trans Rec Reading Wo."
35: end
36: "Ch.2"s for J=1 to 2048 
37s rdb ("DATA") -+ A 
38s next J 39s ret 
* 12590
3 89
P R O G R A M  3 C H P  9 8 2 5 A  >
P r o g r a m  t o  plot, p o r e  w a t e r  p r e e e u r e  C k P a  ) v e r e u e  
t i m e  < m i l l i e e c o n d e  > • F r o m  d a t a  s a v e d  in t h e
C a r t r i d g e ©  £ p r o g r a m  1 )
0: dim A$[4128] ;dim B$[40]
1: fxd 0;buf "DATA" ,A$,1 
2: wrt 705,"VS10"
3; sci 0,50,-100,100 
4: xax -100,1,0,50,5 
5: yax 0,10,-100,100,1
6: csiz 2,2,.5 ,90;plt -3,-5,l;lbl "kPa"
7: pen;csiz 2,2,.5,0
8 : pit 20,-120,1;Ibl "Milli Sec."
9; ent "COMMENTS",B$
10: pit 20,100,1;lbl B$
11: ent "TRACK No.",T,"Fle No.M,F 12: trk T;fdf F;fdf Fjldf F,A$
13: ent "Do you require ch.2 l=yes",K 
14: if K=l;gsb "ch.2"
15: for J=1 to 400
16: rdb (" DATA" ) -**3
17.: next J18: for J=1 to 1000
19: rdb {"DATA" ) ->-A
20: J/20->X
21: (A-B) /1. 15 * N-*- Y
22: if J=l;pit X,Y,l;gto "XX"
23: pit X ,Y ,2
24: "XX":next J
25: penjcsiz 2,2,.5,0
26: pit 20,90,1;lbl "TRACK No.",T
27: pit 20,80,1;lbl "File No.",F
28: ent "Trans.Rec.Time Base in micro sec.",rl
29: pit 20,70,l;lbl "Trns. Rec. Time Base",rl,"micro sec."
30; buf "DATA"
31: end
32: "ch.2":for J=1 to 2048 
33: rdb ("DATA")♦A 
34: next J 
35: ret 
* 32288
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P R O G R A M  4 < h p  9 8 2 5 A  >
P r o g r a m  t o  p l o t  t h e  a v e r a g e  p o r e  p r e e e u r e  (up t o  1 0 0  b l o w ®  
v e r e u ©  t i m e  F r o m  d a t a  s a v e d  in  t h e  c a r t r i d g e ©
0: dim A$[4128];dim B$[50];dim Z(100Q]
Is fxd 0?buf "DATA", A$,1 
2: wrt 705,"VS10"
3: sci 0,50,-100,100 
4: csiz 2,2,1,0 
5; xax -100,5,0,50 
6 : for 1=0 to 5 by 5 
7: pen;pit 1-1 ,-108,0;lbl I 
8 ; next I
9; for 1=10 to 50 by 5
1 0: pen;pit 1-1.4,-108,0;lbl I
1 1: next I
1 2: yax 0,10,-100,100,2
13: csiz 2,2,1,90;plt -4,-30,1;lbl “PORE PRESSURE(kN/m ) 
14: csiz 1,1,1,90;plt -5,32,l;lbl "2"
15: pen;csiz 2,2,1,0
16: pit 17.5 ,-120,1;lbl "TIME (millisecond)"
17: ent "COMMENTS",3$
18: pit 0,-140,1;csiz 3,2,l,Q;lbl B$
19: 0-*N20: "AA":ent "TRACK No.",T,"Fie No.",F 
21: trk T;fdf F;fdf F;ldf F,A$
22: N+l+N 
23: 0-> B
24: for J=1 to 200 
25: rdb ("DATA" ) -»*C;B+C-+-B 
26: next J 
27: B/200-*-3
28: rdb ("DATA" )->A; if abs (A-B) <5; jmp 0
29: A-B+Z [ 2] *► Z [ 23
30: for J=3 to 1000
31: rdb ("DATA")*A
32: A-B+Z [J]-2[J]
33: next J
34: ent "More Data ?",3$
35: if B$ = "YES";g to "AA"
36: 0-Z[l]
37: for J=1 to 1000
38: J/20-*X
39: Z [JJ/(1.12*N)-Y
40: if J = 1;pit X ,Y,1;gto "XX"
41: pit X ,Y,2 
42: "XX":next J 
43: buf "DATA"
44: end 
45: ret 
* 19556
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P R O G R A M  5 < h P 8 5  >
P r o g r a m  t o  r u n  K o  t e s t  u s i n g  C o m p u t e r  o o n t r o l  
s y s t e m  w i t h  B i e h o p / H e e l e y  C e l l
1 0 P T 10 M E! fl S E 1
2 DIM f l < 3 , 1006 )
3 DISP  "E S T I  MATED TEST TIME HR 
S" © INPUT L
4 12=L:f 1 . 5T3S00T' 1000
5 GCLEAR
10 REM t t  SET TIMEOUT CONDITION 
20 SET TIMEOUT 7 ;10 6 0  
30 ON TIMEOUT 7 GOSUB 8100 
1000 REM * *  CONTROL PROGRAM 
1010 D ISP  "DEVICE NUMBERS ARE SE 
T AS « "
1020 D ISP  " BOTTOM CHAMBER 8"
1030 D ISP  " CELL PRESSURE 6"
1040 D ISP  " BACK PRESSURE 7"
1050 D1=8 © 02=6 © 03=7 
1060 D ISP  "SPECIMEN D I A . ? "  © I N P  
UT D
1070 D ISP  "SPECIMEN H T . ? "  © INPU 
T H
1080 A 1=2340 
1 0 30 A 2 = P I # < D /  2 > 2  
1100 D ISP  " I N I T I A L  CELL PRESSURE 
? "  © INPUT C 
1110 D ISP  " I N I T I A L  BACK PRESSURE 
? "  © INPUT B 
1120 D ISP  "MAX.VERT.EFFECTIVE ST 
RESS?"  © INPUT PI 
1130 DISP "REBOUND VERT. EFFECT IV 
E STRESS?" © INPUT P2 
1140 D ISP  "A X IA L  RATE OF DISP.mm 
/H?" © INPUT R 
1150 REM t t  STEP INTERVAL CALC 
1160 11 = 1800 '' < RTfl 1 >
1170 D ISP  "READY TO START?" © IN 
PUT f l*
1180 IF  A $ < > " Y " THEN 1050 
1182 2=M IN (01.* D2> © 2=MINCZ.. 0 3 )  
1184 FOR 1=2 TO 2+2 
1186 SEND 7 UNL UNT MTA LISTEN 
I DATA C H R *  < 2 4 & C H R $ < 2 55 > 
1188 NEXT I
1130 H1=0 © N2=0 © N3=0 © K=1 
1135 T 1= T I  ME 
120 0 G 0 S U B 6 0 0 0 
1210 MOVE C - B j C-B 
1215 X = 4 0 © Y =104 
1220 T = TIME 
12 3 0 G 0 S U B 5 0 0 0 
1240 GOSUB 2000 
1250 GOSUB 3800 
1260 GOSUB 4009 
1270 IF  T IM E C T + I l  THEN 1260 
1275 IF  X =104 THEN 1235 
1280 IF  S 1 - B<F‘ 1 THEN 1220 
1230 X =104 © V=40 
1235 IF  S 1 - B>P2 THEN 1220 
1300 DISP " INSERT TAPE AND ENTER 
F I L E "
1310 DISP "NAME FOR ORTA STORAGE 
" G INPUT N*
C o n t . 1
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1312 FOR 1= K TO 108Q
1314 A 1, I > , A < 2.. 1 > j R < 3.. I '-=8
131b NEXT I
1328 CREATE N $ , 1 ,24888  
1338 ASSIGN# 1 TO N$
1348 PRINT# 1 A C , )
1358 ASSIGN# 1 TO X 
1408 END
2000 REM XX INCREMENT BOTTOM
2001 REM XX CHAMBER VOLUME
2010 SEND ? j UNL UNT MTR LISTEN 
Dl DAT A CHR$<X)&CHR$<255> 
2025 IF  X=104 THEN 2035 
2038 N1=N1+1 
2932 GOTO 2040 
2035 N1=N 1-1 
2040 RETURN
3000 REM XX DECREMENT SPECIMEN
3001 REM XX VOLUME 
3004 IF X = 104 THEN 3016
3608 IF  N2-N3:* :R2^fl i> - l  THEN 3040 
3012 GOTO 3020
3016 IF  N2-N3*A2/A1<1 THEN 3840 
3026 SEND 7 UNL UNT MTR LISTEN 
03 DATA C H R $ CY > &CH R $<255> 
3025 IF  X =104 THEN 3835 
3830 N2=N2 +1 
3032 GOTO 3640 
3835 N 2=H 2-1 
3840 RETURN
4080 REM *:*: BRING SPECIMEN PWP 
4801 REM XX TO BACK PRESSURE BY 
4882 REM XX CHANGING CELL PRESS. 
4028 SEND 7 i UNL UNT MLR TALK D 
3
4830 ENTER 7 USING " # , 6 , 4 0 , 6 0 "
S , P , V 
4840 SEND 7 UNT 
4850 I F ” P=B THEN 4206 
4068 IF P<B THEN 4180 
4070 REM **PWP TOO HIGH 
4080 SEND 7 ; UNL UNT MTR LISTEN 
D2 DATA CHR$<104>&CHR$<255
>
4898 GOTO 4828 
4108 REM XX PWP TOO LOW
4118 SEND 7 ; UNL UNT MTR LISTEN
D2 DATA CHR$<40>&CHR$<255'■ 
4128 GOTO 4028 
4200 RETURN
5808 REM XX GET DATA & PLOT 
5010 Z = M IN< 0 1 ,0 2 )  e Z=MIN<Z,03>  
5028 FOR I=Z  TO Z+2 
5038 SEND 7 ; UNL UNT MLR TALK I
5048 ENTER 7 USING " # ,  B, 4D, 6D"
S , P < I > , V < I >
5850 NEXT I
5852 IF  N1>0 THEN 5855
5853 H8 = -  < . 0893&P< D1 > ^ . 5 ) - . 8 0 0 0 7  
4*C
C o n t .  2
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5055 GOSUB SO00
5060 REM S*CALC. STRESSES
50?0 S3=P<D2>
5030 S 1 = < P < 0 1 > - S 3 ) * A l / f i 2 * . 9 8 + S 3  
5090 REM *:*: PLOT ON SCREEN 
5100 DRAW S 1 -B ,S 3 -B  
5110 SETGU (2 MOVE 6 0 ,8 0  6 LOIR 0 
0 LORG 5 12 PEN -1 «2 LABEL 
NS
5115 MOVE 6 0 ,8 0  i2 PEN 1 
5120 LORG 5 (2 LOIR 0 «2 LABEL INT 
< 1 0 0 * H i >
5125 NS= I NT < i 00:fH 1)
5138 SETUU 12 MOVE S1-B/S3-B  
5140 IF  T I  ME < T 1 + 12 THEN 5208 
5150 A < 1, K >' = H1 12 A < 2 , K> = S 1-B 
5160 A < 3 , K )= S 3 -B  
5165 K=K+1 
5170 T 1=TIME 
5200 RETURN 
6000 REM PLOT ROUTINE 
6200 LOCATE 3 0 , 1 2 0 , 2 0 , 3 0  
6300 SHOW 0 , P I , 0 , . 775TP1 
6400 FXO © 12 FRAME 12 LGRID 100,1 
00, 0, 0, 1 , 1 ,  3 
6500 SETGU 12 LORG 6 @ LOIR 0 (2 M 
OVE 6 8 ,5  
6600 fi$=CHR$ <9> 12 B$= " a 1 kPa" 
6610 C:*=R$&Bf 
6620 LABEL C*
6700 LORG 6 12 LOIR 90 Q MOVE 10, 
50
6880 B$=” r 1 k P a "
6810 C£=A$&B$
6828 LABEL C$
6900 SETUU 
6350 MOVE 0 ,8  
7080 RETURN
8100 REM * *  TIMEOUT SERVICE 
8110 ABORT 10 7 
8120 CLEAR 7 
3130 BEEF'
8140 PRINT "T IM E O U T" ; TIME 
8150 RETURN
9000 REM CORRN FOR BELLOFRAM 
9610 REM & CELL EXPANSION 
9020 H I = N l / < 2 $ 2 9 4 0 > - . 0 0 98 *P < D 1 
.5
3030 H 1 =H 1 - .O 0 0 0 7 4 *P <D 2 ) -H 0  
9040 N 3=H1*2940*2  
3060 RETURN
P r o g r a m  t o  p l o t  K o  r e e u l t ®  -Prom c a r t r i d g e ®  ( P r o g r a m  5)
b 0 E G 
10 OPTION BASE 1 
20 DIM fl 3 , 1060 >
30 DISP "ENTER F ILE  NAME" © INP 
UT NT- 
40 ASSIGN# 1 TO N*
50 READ# 1 ; A (.• >
60 ASSIGN# 1 TO t  
70 DISP "ENTER MAX. VERT E F F . STP 
ESS" © INPUT P I  
75 PLOTTER IS  705 
80 LOCATE 3 0 , 1 2 0 , 2 0 , 9 0  
90 SHOW 6 , P 1 , 0 , . 7 7 5 * P 1  
100 FXD 0 S FRAME © LGRID 1 0 0 ,1 0  
0 , 0 , 0 , 1 , 1  ,
110 SETGU © LORG 6 © LDIR 0 © MO 
VE 7 5 ,1 0
120 LABEL "EFFECTIVE AXIAL  STRES 
S <kpa>"
130 LORG 6 © LDIR 90 © MOVE 2 0 ,5  
5
146 LABEL "EFFECTIVE RADIAL STRE
S S  C k  f  a  > "
142 LORG 6 © LDIR 0 © MOVE 7 7 ,9 7
145 LABEL "EFFECTIVE AXIAL STRES
S V. EFFECTIVE RADIAL STRESS 1
148 DISP "HEW PEN AND PRESS ENDL 
I HE" © INPUT P$
1 5 8  S E T 1 J U
160 MOVE 0 ,0
180 FOR 1=1 TO 1000
190 IF 1=1 THEN MOVE A < 2 , I > , f l<3,
I )
135 IF A < 2 , I > =8 THEN 215 
200 DRAW fl 2, I > , fl < 3, I >
210 NEXT I 
215 PEHUP
220 DISP "CHANGE THE PAPER AND P 
RESS ENDLI HE" © INPUT Y$
238 FXD 0 ,1
248 LOCATE 3 0 , 1 1 5 , 1 0 , 7 0  
250 SCALE 0 , P I , - 1 , 0  
260 YAXIS 0, . 1 
270 XAXIS 0 ,1 0 8  
280 LORG 5
230 FOR 1=8 TO P I  STEP 1Q8 
308 MOVE I , .1 © LABEL I 
310 NEXT I
320 FOR I = - l  TO 0 STEP .1 
338 MOVE - 5 8 , 1  © LABEL - I  
348 NEXT I
350 LDIR 8 © MOVE P l / 2 , . 2  
360 LABEL "EFFECTIVE AXIAL  STRES 
S < k p a > "
370 LDIR 30 © MOVE - 1 2 8 , - . 5  
388 LABEL "DEFLECTION <mm>”
398 LDIR 8 © MOVE P l . ^ 2 , . 3  
480 LABEL "EFFECTIVE AXIAL  STRES 
S V. DEFLECTION"
410 DISP "NEW PEN AND PRESS ENDL 
INE" © INPUT P$
420 SETIJIJ
438 MOVE 0 ,0
448 FOR 1=1 TO 1008
450 IF  1 = 1 THEN MOVE fl < 2,  I > , A 1 .
I >
468 IF H C 2 , I > = 0 THEN 490 
470 DRAW A ( 2 , I > , -AC 1 , 1 }
480 NEXT I 
490 PENUP 
508 END
PRUbRAM 6 (h p 8 5 )  394
3 9 5
P R I N T O U T  C h P 8 5  >
S t r e e e  P a t h  T e e t  u e i n g  C D S  S o f t w a r e
GDS
T R IAX IAL  TESTING 
INVOKED AT 1 5 1 24 
ON 29/11/
SYSTEM
83
APPARATUS CONSTANTS ARE = -  
SPECIMEN DIRM = 3 7 .1 MM
SPECIMEN HEIGHT= 7 1 .2 MM
SPECIMEN AREA = 1 0 8 1 . 0 SQ . MM
SPECIMEN VOLUME= 7 6 9 6 9 .3 CU MM
SEAL AREA 2 9 4 0 .0 SQ . MM
LINEAR STRESS PATHS 
CO-ORDINATE SPACE IS  TOTAL 
STRESS PATH IS
1ST CO-ORD 2ND CO-ORD RATE VALUE
< 410 ,  4 1 0 X 1 0 1 5 ,  650> 1- D 101
( 1015, 650> < S 5 0 , 640 > ‘ 1 D -110
< 850,  6 4 0 6 5 0 -  5 8 0 )  1 D -1 0 0
< 650., 586)  < 500* 5 8 4 )  1 D — 150
t 5 0 0 , 5 0 4 ) (. 6 0 0, 534 ) I D  1 0 0
u;
2 0 9 0
RESULTS 
L= 70.
D= 38.
L= 70.
D= 38.
S T R E S S -P A T H  4 6 6  K o 6 0 6
5 OEG 
10 OPTION BASE 1 
20 DIM ft C 7 , 3 8 0 > , ft IC  3 5 3 
30 DISP "ENTER F ILE  NAME" 0 I HP 
UT m  
40 ASSIGN# 1 TO HI 
50 READ# 1 N, X1, X 2 , H8, A 2 , A 1 , X 
3, R 1
60 FOR 1=1 TO N+l
70 READ# 1 ; A < 1 , I > , A < 2 , I > , A <3,
I > , A < 4 ,  I > , A < 5, I )  , A (  6, I > , A < 7,
I>
80 NEXT I
90 REM * *  A < 1 , I > TIME 
100 REM * *  A <2, I >T0 ft < 4 I > PRESS 
URES
110 REM t t  A<5, X>TO ft < 7 , I > VOLUM 
ES
120 READ# 1 ; A l  
13© ASSIGN# 1 TO t 
135 PRINT 12 PRINT A$ 12 PRINT 
140 H 0 = -  < . 009STR < 4 .• l . V * . 5 + .  @00074 
J: A < 2, 1 > >
150 GOSUB 1000 
160 1=1
170 GOSUB 2880 
180 GOSUB 3008
1 85 PR INT S 1 -  A C 3, I > -  H 1 
190 MOVE 91- f t < 3 , I ) , - H I  
290 FOR 1=2 TO N+l
210 GOSUB 2000 
228 GOSUB 3080 
225 PRINT S l - A ( 3 , I ) ; - H I
2 3 0 D R A W S 1 — A ( 3.« I ) .• — H 1 
240 NEXT I
245 LORG 2 i2 LABEL f t !
250 END
1080 DISP "ENTER MAX VERT EFFEC 
STRESS" 12 INPUT PI  
1010 PLOTTER IS 705 
1020 FXD 0 ,1
1030 LOCATE 3 0 , 1 1 5 , 1 8 , 7 0  
1 0 40 S C ft L E 0, P 1, — 1 , . 1 
1058 VAXIS 0 , . 1  
1060 XAXIS .1 ,1 0 6  
1070 LORG 5
1080 FOR 1=0 TO PI  STEP 180 
1098 MOVE I , .  2 »2 LABEL I 
1180 NEXT I
1110 FOR I = - l  TO .1 STEP .1 
1128 MOVE - 5 0 ,1  12 LABEL - I  
1130 NEXT I
1148 LOIR 0 <2 MOVE P I / 2, . 3 
1158 LABEL "EFFECTIVE AXIAL STRE 
S S < k P a ) "
1160 LOIR 90 i2 MOVE - 1 2 0 , - . 5  
1170 LABEL "DEFLECTION (mm)"
1180 LOIR 8 12 MOVE P I / 2 , . 4 
1190 LABEL "EFFECTIVE AXIAL  STRE 
SS V. DEFLECTION"
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PROGRAM 7 Chp85) To  p l o t  a n d  p r i n t  S t r © # «  P a t h  R e s u l t ©
1258 DISP "NEW PEN AND PRESS END 
L IN E "  12 INPUT PI- 
1308 RETURN
2008 REM I *  CALC STRESSES 
2010 S3=f i< 2 , I >
2028 S 1 = C ft <C 4 , I > - S 3 > * A l / A 2 *  . 98 + S3 
2038 RETURN
3800 REM **: CORRN FOR BELLOFRAM 
3016 REM * *  Sc CELL EXPANSION 
3820 HI = *;ft< 7, 1 > -A<7 ,  I > > /2948 -  . 88 
9 S i  ft < 4, I > . 5 
3830 H1=H1 - . 0080741f t ( 2 , I > -H 8  
3040 RETURN ..  ‘
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P R O G R A M  8 < h p 8 5  >
Pnagnarw t o  p l o t  r e e u l t e  f r o m  K o  (Hall © P P e o t  T e e t s )  
( S a v e d  in h p  C a r t r i d g e ©  )
10 REM XX PROGRAM TO PROCESS PE 
T XX
20 REM XX ko DATA AHO PLOT
X X
25 X=1
26 DIM ATL303
3 0 0 i n P < 1 & 0 > , H 1 < 10 0 > , H 2 < 10 8 > , V 
1 1 00 > , V2 < 100 >, C < 1 06 )  , B < 100 >
, f  10 0  :>
40
45 S 1=1000
58 DISP " INPUT DATA F ILE  NAME"
£ INPUT NT 
60 ASSIGN# 1 TO NT 
70 READ# 1 , 1
88 READ# i J F '1 ,0 1 ,0 ,H  
90 FOR J=1 TO I 
180 READ# 1 ; P < J >, H1 < J > , H 2 < -J > , V 
1 < J > , V 2 < J > , C < J > .• B < J > , F < J >
102 NEXT J
1G4 READ# 1 AT
106 ASSIGN# 1 TO X
107 DISP "DATA LOADED IS " AT
108 DISP "DO YOU WISH TO PLOT TH 
IS DATA Y/N"
109 INPUT HT£ IF  M$ = " N " THEN GOT 
0 50
118 REM XX CALCULATE RESULTS:##:
1 2  e v < 0  > = 0  e v i < 0  > = v i < i > e v 2  < 0  >
= V 2 < 1 >
130 FOR J=1 TO I
140 V = ABS<V 1< J - l ) - V l ( J ) > + ABS<V2< 
J - l  > -V2  J > > £
158 IF F c. J ) = 1 THEN V = -V 
168 Wc J > = <  J -  1 > +
178 NEXT J
288 fl=P I  #:DA2 4
218 FOR J=1 TO I
228 H3<J >=01X<H1< J > - H 1 < 1 >>
238 H4 < J > = D1 :# < H 2 < J > -  H 2 < 1 > >
248 P <J > = 1000XP 1XP <J >/A 
25 8 S 1 < J > = P < J > + C < J > -  B < J >
268 S3< J > = C < J > - B < J >
270 NEXT J
280 IF  X > 1 THEN GOTO 538 
408 REM * *  PLOT ROUTINE * *
481 DISP *' Max . Me r t i ca  1 E f + ec  t i v 
e S t r e s s  " £ INPUT S I
482 DEG
405 PLOTTER IS 705
406 PRINTER IS 7 0 5 ,1 0 0  
487 PRINT "VS 5 “
410 LOCATE 3 0 , 1 2 8 , 2 0 , 9 0  
420 SHOW 0 , S 1 , 0 , .775*31  
438 FXD 8 £ FRAME £ LGRID 160 ,18  0 • 1*1 « ft • 1 • 1 . *3 
440 SETGU ' V ’ LORG 6 £ LDIR 0 £ MO 
VE 7 5 ,1 6
458 AT=CHRT<9> 6 B$="VERTICAL  EF 
FECTIVE STRESS <kPa>"
Con  to 1
3 9 8
46*3 CS=AS&BS 
470 LABEL CS
480 LORG 6 © LDIR 90 © MOVE 2 0 ,5  F«
490 8 $ = "LATERAL EFFECTIVE STRESS 
< k P a )  "
500 CS=AS&BS 
510 LABEL CS 
520 SETUU 
530 MOVE 0 ,0
535 DISP "PRESS ENDLINE WHEN REA 
DY TO PLOT"
536 INPUT MS
538 MOVE S I C 1 > , S3< 1 )
540 FOR J=2 TO I 
550 DRAW S 1 ( J ) / S 3 ( J )
560 NEXT J 
562 PEHUP
565 DISP "PLOT MORE DATA ? "
570 INPUT MS-
580 IF MS<> '* Y “ THEN END
585 DISP "CHANGE PEN NOW "
586 DISP "HAVE YOU CHANGED YET"
© INPUT MS-
598 X=X+1 © GOTO 50
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R E S U L T S  A F T E R  C O R R E C T I O N  
V E R T I C A L  E F F E C T I V E  S T R E S S  CkPcO 
C H A N G E  IN H E I G H T  (mm)
STRESS PATH 406 Ko606
9 0
14 .665236213  - 
2 2 .3 3 0 4 7 24 2 7  - 
2 8 .6 60944853  - 
3 3 .9 9 1 4 1 72 8  -
4 5 .321889706  -
4 6 .3 2 1 8 8 97 0 6  - 
5 3 .9 87125919  -
61 .9 8 2 8 3 45 5 9  - 
6 7 .648078772  - 
75 .3 1 3 3 8 69 8 6  • 
8 4 .309015625  -
9 0 .9 74251839  -
9 5 .6 3 9 4 8 80 5 2  *
102 .969960479
108 .635196692
113 .300432905  
122 .630905332
128.296141545
134.626613971
138.626613971 
148.622322611  
154 .287558824  
161 .952795838  
166.618031251
176.613739891
183 .944212318
186 .944212318
194.274684744  
201 .939920957
207 .270393384  
2 13 .935629597  
2 22 .266102823  
228 .59657445  • 
2 36 .927846876  
2 38 .261810663
250 .922755516
2 54 .922755516
260 .587991729
263 .922755516  
273 .5 8 3 7 08 3 7  • 
279 .248936583  
286 .579409809
293 .909881436  
3 06 .240353862
308 .909881436  
3 10 .985590075
328 .901298715  
323 .236062582  
332 .231771142
341 .227479781
347 .892715994
358 .227479781  
3 60 .888424634
3 66 .21 8 8 97 0 6 2
378 .553660847
.012416642614 
.029939996653 
.047541954261 
063447769708 
.879047622822 
.08971337676 
.103558829488 
.114755193135 
.123807897573 
.134258984 i 8 
.143468175238 
153931497641 
■. 161602621822 
172149829686 
179527148416 
- .187206999171  
- .1 9 5 7 7 0 3 49 4 8 2  
- .2 01 7 5 5 8 50 1 2 5  
- .2 89 2 2 2 1 75 5 4 9  
- .2 14 8 4 3 4 57 0 4 9  
- .222097105201  
- .2 28 0 9 3 4 33 2 2 8  
- .233587206581  
- .2 3 9 2 1 7 4 59 4 1 5  
- .2 44 7 8 8 8 90 9 3 3  
- .2 5 0 5 8 0 7 6 8 5 1 3  
- .2 56 2 2 7 9 71 1 5 3  
- .2 62 8 2 6 4 60 7 8 6  
- .2 6 7 4 6 7 4 5 7 6 5 5  
- .2 71 8 5 8 4 71 2 9 6  
- .2 77 3 0 7 4 43 9 2 8  
- .2 83 1 1 9 4 93 7 5 9  
- .287233961406 
- .2 92 7 69521181  
- .2 98 6 5 1 4 16 4 3 7  
- .3 82 6 4 1 8 21 9 4 7  
- .3 11 7 2 3 1 26 1 7 2  
- .3 1 5 7 7 9 3 16 2 5 3  
- .3 1 7 7 1 0 9 3 2 0 4 7  
- .322273673255 
- .329739826871  
- .3 31 9 8 4 0 57 3 5 9  
- .3 39 4 5 0 4 7 8 9 7  
- .3 48 4 72225604  
- .3 45 7 5 2 1 20 1 1 2  
- .3 51 6 8 8 0 05 7 9 5  
- . 355909S7181 
- .35957389551  
-  .363889652228 
- .369748665771  
- .373841558621  
- .3 7 7 7 8 8 9 6 2 4 7 6  
- . 3 8 1 S39733888 
- .3 8 6 2 8 3 2 7 0 8 5 7  
- .3 9 0 2 3 8 1 28 1 5 8
CONT. 1
400
374 .553660847
380 .218897062  
389 .879841914  
400 .875550554  
403.216314341  
406.210314341
414 .540786767
421 .871259194  
428 .536495467  
435 .866967833
442 .532204047
453 .858385113  
460 .523621326
460 .858385113
470 .854093752
474.854093752  
481 .18456618  
492 .188274819
497 .845511033
561 .180274819
587 .845511033  
515 .841219672  
522'. 171692099 
527 .171692099
536 .832636952
546 .163109378
550 .163109378  
55 ? .493581805
559 .493581805
564 .493581805
577 .154526657
586 .154526657
590 .150235298
590 .150235298  
585 .819762872  
573 .493581865
570 .493581805
560 .832636952
557 .832636952  
551 .502164525  
538 .510747246
533 .845511033
530 .180274819  
522.849802393
509 .858385113  
503.527912686
496 .532204047  
495 .19744026
484 .871259194
477 .540786767  
469 .545078128  
463.214685701 
456 .884133275  
454 .218897862  
442 .557952208
438 .892715994
437.227479781  
430 .562243563
420 .901298715  
413 .570826239  
409 .905590075
- .3 9 2 3 6 1 4 0 9 4 0 3  
- .3 9 6 4 0 9 7 0 0 8 4 5  
- .4 0 1 0 0 8 4 9 2 5 9 9  
- .4 0 5 0 6 3 4 0 5 2 9 7  
- .4 1 6 4 0 6 6 5 2 1 2 7  
- . 4 1 3 0 1 4 4 6 4 6 9 8  
- .4 1 5 2 4 4 1 1 1 2 8 5  
- .4 2 1 1 4 1 6 1 7 4 6 9  
- . 4 2 5 0 0 4 3 6 1 7 7  
- .4 2 7 7 6 7 3 1 9 9 2 3  
- .4 2 9 9 3 4 8 6 9 1 1 6  
- .4 3 6 0 6 3 8 0 2 7 7 1  
- .4 3 8 4 9 7 5 4 3 3 9 4  
- . 4 4 1 0 4 5 1 0 9 1 4 6  
- .4 4 1 9 2 9 9 0 8 7 1 6  
- . 4 5 0 8 3 9 6 2 5 1 0 5  
.451655170773  
- . 4 5 4 2 4 7 4 7 3 1 6 2  
- .4 5 8 3 9 4 5 1 4 8 2 1  
- .4 6 0 4 3 8 4 9 5 6 9 6  
- .4 6 6 0 3 4 9 9 4 3 4 9  
- .4 6 8 8 9 1 7 2 3 3 5 4  
- . 4 6 9 7 1 9 9 6 6 1 0 5  
- .4 7 5 2 4 9 9 1 0 5 1  
- .4 7 6 4 8 4 3 9 0 2 2 6  
- .4 8 0 4 6 6 5 1 7 8 6 4  
- .4 8 4 5 5 6 3 8 9 6 2 9  
- .4 8 8 5 4 3 8 9 5 8 6 1  
- .4 9 1 1 8 9 1 5 1 9 1 5  
- . 4 9 5 2 8 4 6 9 2 6 7 2  
- . 4977265420Q2 
- .5 8 1 8 2 6 2 4 7 2 5 2  
- .5 0 4 4 4 9 8 9 9 7 5 6  
- . 5 0 4 4 4 9 8 9 9 7 5 6  
- . 5 0 3 5 3 0 6 4 8 0 4 7  
- . 5 8 0 7 6 0 2 5 1 0 9 5  
- .4 9 9 8 1 1 4 9 4 3 8 3  
- .4 9 8 5 6 7 7 7 3 6 9 3  
- .4 9 9 3 2 1 7 7 5 3 9 8  
- .4 9 7 9 7 6 3 4 4 9 2 4  
- .4 9 5 1 3 8 8 8 9 0 5 8  
- .4 9 2 4 2 0 6 9 3 7 9 1  
- .4 9 2 5 9 9 3 1 9 6 4 1  
- .4 9 1 7 6 2 3 3 0 2 1 3  
- .4 9 0 3 7 7 6 7 5 1 8  
- . 4 8 9 2 9 0 1 0 4 5 1 2  
- . 4 8 8 1 2 9 6 2 4 7 9 6  
.48701168759  
- .4 8 5 7 0 5 0 4 6 9 3 5  
- . 4 8 3 1 7 6 1 1 7 9 1 2  
- . 4 8 1 7 6 4 4 0 0 6 8 8  
- . 4 8 2 3 8 3 7 8 1 3 7 8  
- . 4 7 9 6 0 2 9 3 1 0 7  
- . 4 7 6 6 4 0 5 4 1 6 8 6  
- . 4 7 7 3 7 2 0 0 7 8 3 9  
- . 4 7 6 1 1 1 8 2 6 9 3 5  
- .4 7 4 5 9 4 5 8 8 8 8 8  
- .4 7 3 1 7 0 6 9 4 5 8 2  
- .4 7 1 9 4 8 6 6 9 6 3 2  
- .4 7 1 1 3 4 6 9 2 9  
- . 4 7 0 1 3 7 4 2 2 3 3 7
C0NT„ 2
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406.570826289 - .4 6 7 8 4 8 4 6 5 5 5 6
395.909881436 - .4 66 8 9 2 3 28 4 9 1
392.909881436 - .4 6 4 5 3 3 6 6 9 2 6 5
380.58376037 - . 4 6 4 9 4 7 1 2 2 8 5 8
377.58376037 - .4 6 2 5 9 2 2 8 5 9 0 9  
370.253227942  - . 4 6 3 2 3 0 6 2 8 3
- .4 5 7 5 9 3 2 6 3 7 2 8  
- .4 5 6 7 5 6 2 8 2 5 6 8  
- .4 5 6 0 7 8 6 0 3 5 1 7  
- .4 5 5 3 1 9 0 3 9 6 9 8
362.922755516
360.587991729
348.927046876
349.257519303
337.931338237
332.931338237  
329.266102023
321.270393384
311.274684744 
306.609448531 
301 .278976104
290.283267464
290.613739891
283.283267464
271.957086398  
265 .291850185
263.957086398
255.626613971
248.296141545
243 .300432905
236 .300432905
227 .969960479
304724265 
309015625 
309015625 
978543199 
982834559 
652362133 
652362133 
321889706 
326181066 
99570864
218
205
199
188
175
166
158
150
137
126
118
188
- .4 52 3 4 2 9 93 1 1 1  
- .4 4 8 5 6 6 9 8 3 0 8  
- .4 4 7 5 9 0 2 2 8 4 9  
- .4 4 9 6 0 1 5 8 4 5 2 6  
- .4 4 5 6 1 1 8 5 8 3 8 3  
- .4 4 4 6 3 9 5 6 7 2 8 3  
- .4 4 3 5 9 4 6 3 8 0 7 1  
- .4 3 9 6 1 3 2 3 4 9 8 7  
- .4 3 9 1 3 7 4 3 8 3 3  
- .4 3 4 9 6 6 7 7 2 1 2 6  
- .4 33 7 0 7 2 71 8 2 1  
- .4 3 3 0 1 6 3 8 3 6 9  
- .4 2 8 8 0 2 8 6 3 1 1 2  
- .4 2 6 6 1 4 2 6 3 2 4 5  
- . 4 2 2 4 5 5 7 6 2 9 6 7  
- .4 2 2 5 0 7 0 5 8 6 8 4  
- .4 1 9 0 4 8 2 7 2 6 1 6  
- .4 1 7 1 4 8 1 9 8 3 9 3  
- .4 1 2 2 0 3 3 9 0 6 9 3  
- .4 0 9 0 9 7 6 4 9 5 4 7  
- .4 0 3 9 6 6 0 6 4 9 3 9  
- .3 9 8 9 7 3 1 8 0 5 9 3  
- .3 9 4 1 9 6 9 7 2 4 0 9  
- .3 8 3 2 2 3 5 6 2 8 5 2  
- .3 8 4 4 8 7 3 6 6 3 8 3  
- .373 1 6 6 9 97 8 5 1  
- .3 7 2 7 3 3 1 4 4 0 4  
- .3 6 7 5 0 3 5 4 9 3 8 5
.330472427 - . 3 5 3 2 5 5 8 0 4 9 9 3
- .3 5 2 6 3 9 0 1 3 3 7 9  
98 .669527573  - .3 4 5 7 3 9 9 0 6 6 1 9  
105 - .3 4 6 7 1 1 4 6 5 0 8 4
330472427 - .3 4 9 8 9 4 3 5 7 3 7 4  
666944853 - .3 5 3 4 7 1 7 8 9 3 9 6  
99570864 - . 3 5 5 3 4 9 6 2 3 3 0 2  
326181066 - .3 5 9 7 3 1 4 9 4 8 1 6  
656653493 - .3 6 3 5 3 9 7 0 9 0 9 9
112 
118 
122 
128 
137
148.982834559 
151.317598346 
160.978543199  
167.389015625
174.639488052
175,974251839
186.635196692  
195.965669118  
197.630985332
- .3 6 4 7 4 7 7 4 2 6 8
- .3 7 0 3 2 9 0 9 2 6 5 8
- .3 7 1 1 8 1 5 9 6 4 9
- .3 7 5 5 7 5 5 7 9 9 8 2
- .3 7 9 6 8 6 9 4 9 5 4 2
- .3 8 2 1 6 2 3 4 1 6 2 9
- .3 8 4 7 2 6 4 3 0 2 7 5
- .3 8 6 8 6 3 4 7 0 3 5 8
- .3 8 6 6 5 5 5 7 1 0 4 8
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APPENDIX I I
COMPUTER CARTRIDGES USED 
FOR
STORING PROGRAMMES AND SAVING 
DATA THROUGHOUT THE RESEARCH
4 0 3
TABLE SHOWS THE DATA FROM PENETRATION TEST WITH CARTRIDGES AND FILES (USING H.P 9825 A)
SPEC­IMEN
Jo.
TEST
No.
BLOW
No.
TYPE OF 
RESUl.TS
CARTR­IDGE
No.
TRACK
No.
FILE
No.
CHANNEL
No.
TRANSIENT RECORDER BASE TIME
VIS
CALIB.FACTOR
C.F.
REMARKS
1 1 1- 8 P.W.P. - - - - - - Photograph only
2 2 1-24 P.W.P. 2 0 1-24 1 50 1.05 Photographed also
2 2 25-31 P.W.P. 2 1 0- 5 1 50 1.05 Tip Transducer only
2 2 35-53 P.W.P. 2 1 6-24 1 50 1.05 II
2 2 54-77 P.W.P. 3 0 0-24 1 50 1.05 tl
2 2 78-89 P.W.P. 3 1 0-11 1 50 1 .05 11
3 3 1-24 P.W.P. 6 0 1-24 1 50 1.12 Tip Transducer
3 3 1-24 P.W.P. 6 0 1-24 2 50 1.12 Side Transducer
3 3 25-49 P.W.P. 6 1 0-24 1 50 1 .12 Tip Transducer
3 3 25-49 Acceleration 6 1 0-24 2 50 - Accelerometer (F.S.2V.)
3 3 50-74 P.W.P. 5 0 0-24 1 50 1.12 Tip Transducer
3 ■ 3 50-74 Acceleration 5 0 0-24 2 50 - Acc. F.s (5-500 V.)
4 4 1-23 P.W.P. 4 0 2-24 1 50 1 .12 Tip Transducer
4 4 1-23 P.W.P. 4 0 2-24 2 50 1.12 Side Transducer
4 4 24-44 P.W.P. 7 0 0-20 1 50 1.12 Tip Transducer
4 4 24-44 P.W.P. 7 0 0-20 2 50 1.12 Side Transducer
4 4 46-49 P.W.P. 7 0 21-24 1 50 1 .12 Tip Transducer
4 4 46-49 P.W.P. 7 0 21-24 2 50 1.12 Side Transducer
5 5 1-24 P.W.P. 8 0 2-24 1 50 1.2 Side Transducer (ID) blow 20 not recorded
5 .5 25-43 P.W.P. 8 1 0-18 1 50 1.2 Side Transducer (ID)
5 6 44-47 P.W.P. 8 1 21-24 1 • 50 1 .2 Side Transducer (2D)
5 6 44-47 P.W.P. 8 1 21-24 2 50 1.2 Tip Transducer
7 8 1-11 P.W.P. 10 0 2-11 1 50 2 Tip Transducer
7 8 1-11 Accel. 10 0 2-11 2 50 - Accelerometer
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SPEC- TEST BLOW TYPE OF CARTR- TRACK FILE CHANNEL TRANSIENT CALIB. REMARKSIMEN IDGE RECORDER FACTORRESULTS BASE TIMElo. No. No. No. No. No. No. ps C.F.
7 9 12-24 P.W.P. 10 0 12-24 1 50 2 Tip Transducer
7 9 12-24 Acc. 10 0 12-24 2 50 - Acc.
7 9 25-29 P.W.P. 10 1 0- 4 1 50 2 Tip Trans.
7 9 25-29 Acc. 10 1 0- 4 2 50 - Acc.
8 10 1 P.W.P. 9 0 4 1 50 i ;i 2 Tip Trans.
8 10 1 Acc. 9 0 4 2 50 - Acc. (F.o.s.0.5
8 10 2- 5 P.W.P. 9 0 5- 8 1 100 1 .12 Tip Trans.
8 10 ' 2- 5 Acc. 9 0 5- 8 2 100 - Acc.
8 10 6-11 P.W.P. 9 0 9-14 1 . 50 1.12 Tip Trans.
8 10 6-11 Acc. 9 0 9-14 2 50 - Acc.
8 10 12 P.W.P. 9 0 15 1 20 1.12 Tip Trans.
8 10 12 Acc. 9 0 15 2 20 Acc.
8 10 13 P.W.P. 9 0 16 1 10 1.12 Tip Trans.
8 10 13 Acc. 9 0 16 2 10 - Acc.
8 10 14 P.W.P. 9 0 17 1 5 1 .12 Tip Trans.
8 10 14 Acc. 9 0 17 2 5 - Acc.
8 10 15 P.W.P. 9 0 18 1 50 1.12 Tip Trans.
8 10 15 Acc. 9 0 18 2 50 - Acc.
8 11 16-19 P.W.P. 9 0 19-22 1 50 1.12 Tip Trans.
8 11 16-19 Acc. 9 0 19-22 2 50 - Acc.
8 11 20-21 P.W.P. 9 0 23-24 1 100 1.12 Tip Trans.
8 11 20-21 Acc. 9 0 23-24 2 100 - Acc.
8 11 22-27 P.W.P. 9 1 0- 5 1 100 1.12 Tip Trans.
8 11 22-27 Acc. 9 1 0- 5 2 100 - Acc.
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SPEC­IMEN
No.
TEST
No.
BLOW
No.
TYPE OF 
RESULTS
CARTR­IDGE
No.
TRACK
No.
FILE
No.
CHANNEL
No.
TRANSIENT RECORDER BASE TIME ys
CALIB.FACTOR
C.F.
REMARKS
8 11 28-29 P.W.P. 9 1 6- 7 1 1 1 .12 P.W.P.
8 11 28-29 Acc. 9 1 6- 7 2 1 - Acc. (F.s.0.2 V
8 11 30 P.W.P. 9 1 8 1 2 1.12 P.W.P.
8 11 30 Acc. 9 1 8 2 2 - Acc. I
8 11 31-32 P.W.P. 9 1 9-10 1 5 1 .12 P.W.P.
8 11 31-32 Acc. 9 1 9-10 2 5 - Acc. I
8 11 33 P.W.P. 9 1 11 1 50 1.12 P.W.P.
8 11 33 Acc. 9 1 11 2 50 - Acc. I
8 11 34-37 P.W.P. 9 12-15 1 100 1.12 P.W.P.
8 11 34-37 Acc. 9 1 12-15 2 100 - Acc. I
. 8 11 38-40 P.W.P. 9 1 16-18 1 5 1.12 P.W.P.
8 11 38-40 Acc. 9 1 16-18 2 5 - Acc. I
8 12 41-46 P.W.P. 9 1 19-24 1 100 1.12 P.W.P.
8 12 41-46 Acc. 9 1 19-24 2 100 - Acc. I
8 12 47-51 P.W.P. 11 0 0- 4 1 5 1.12 P.W.P.
8 12 47-51 Acc. 11 0 0- 4 2 5 - Acc. I
8 13 52-58 P.W.P. 11 0 5-n 1 100 1.12 P.W.P.
8 13 52-58 Acc. 11 0 5-11 2 100 - Acc. I
8 13 59-62 P.W.P. 11 0 12-15 1 5 1.12 P.W.P.
8 13 59-62 Acc. 11 0 12-15 2 5 - Acc. I
8 14 63-69 P.W.P. 11 0 16-22 1 100 1.12 P.W.P.
8 14 63-69 Acc. 11 0 16-22 2 100 - Acc. I
8 14 70-71 P.W.P. 11 0 23-24 1 5 1.12 P.W.P.
8 14 70-71 Acc. 11 0 23-24 2 5 Acc-. I
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SPEC­IMEN
No.
TEST
No.
BLOW
No.
TYPE OF 
RESULTS
CARTR­IDGE
No.
TRACK FILE 
No. No.
CHANNEL
No.
TRANSIENT RECORDER BASE TIME vs
CALIB.FACTOR
C.F.
REMARKS
8 14 72-74 P.W.P. 11 1 0-2 1 5 1.12 P.W.P.
8 14 72-74 Acc. 11 1 0- 2 2 5 - Acc. (F.s.o.O
8 15 74-77 P.W.P. 11 1 3- 5 1 100 1.12 P.W.P.
8 15 74-77 Acc. 11 1 3- 5 2 100 - Acc.
8 15 78-80 P.W.P. 11 1 6- 8 1 5 1.12 P.W.P.
8 15 78-80 - Acc. 11 1 6- 8 2 5 - Acc.
8 15 81-82 P.W.P. 11 1 9-10 1 100 1.12 P.W.P.
8 15 81-82 Acc. . 11 1 9-10 2 100 - Acc. (F.s.o.
8 15 83-84 P.W.P. 11 1 11-12 1 5 1.12 P.W.P.
8 15 83-84 Acc. 11 1 11-12 2 5 - Acc.
9 16 1- 2 P.W.P. 5 1 1- 2 1 50 1 .4 P.W.P.
9 16 1- 2 Acc. 5 1 1- 2 2 50 - Acc.
9 16 3-11 P.W.P. 5 1 3-11 1 100 1 .4 P.W.P.
9 16 3-11 Acc. 5 1 3-11 2 100 - Acc. "
9 17 12-15 P.W.P. 5 1 12-15 1 100 1 .4 P.W.P.
9 17 12-15 Acc. 5 1 12-15 2 100 - Acc.
9 17 16-21 P.W.P. 7 1 0- 5 1 100 1.4 P.W.P.
9 17 16-21 Acc. 7 1 0- 5 2 100 - Acc. "
9 18 22-31 P.W.P. 7 1 6-15 1 100 1.4 P.W.P.
9 18 22-31 Acc. 7 1 6-15 2 100 - Acc. "
9 19 32-40 P.W.P. 7 1 16-24 1 100 1 .4 P.W.P.
9 19 32-40 Acc. 7 1 16-24 2 100 - Acc. "
9 20 41-49 P.W.P. 12 0 0-8 1 100 1.4 P.W.P.
9 20 41-49 Acc. 12 0 0-8 2 100 Acc. "
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SPEC­IMEN
No.
TEST
No.
BLOW
No.
TYPE OF 
RESULTS
CARTR­IDGE
No.
TRACK
No.
FILE
No.
CHANNEL
No.
TRANSIENT RECORDER BASE TIME us
CALIB.FACTOR
C.F.
REMARKS
9 21 50-59 P.W.P. 12 0 9-18 1 100 . 1. 4 P.W.P.
9 21 50-59 Acc. 12 0 9-18 100 - Acc. (F.s.o. 0.5 V.)
9 22 60-65 P.W.P. 12 1 19-24 1 100 1. 4 P.W.P.
9 22 60-65 Acc. 12 1 19-24 100 - Acc.
9 23 66-80 P.W.P. 12 1 0-14 1 100 1. 4 P.W.P.
9 23 66-80 Acc. 12 1 0-14 100 - Acc.
10 24 1-14 P.W.P. 4 1 1-12 1 . 50 1.15 Tip Transducer
10 25 15-26 P.W.P. 4 1 13-24 1 50 1.15 I I
10 26 27-36 P.W.P. 3 1 15-24 1 50 1.15 I 1
10 27 37-48 P.W.P. 10 1 6-17 1 50 1 .15 I I
10 28 49-55 P.W.P. 10 1 18-24 1 50 1.15 I I
10 28 56-59 P.W.P. 11 1 13-16 1 50 1.15 I I
10 29 60-68 P.W.P. 11 1 17-24 50 1 .15 Tip Tran, (blow 65 not taken)
10 29 70-79 P.W.P. 12 1 15-24 1 50 1.15 Tip Transd.
11 30 1- 8 P.W.P. 13 0 1- 8 1 50 1.10 I 1
11 30 12-15 P.W.P. 13 0 9-12 1 50 1.10 I I
11 31 16-25 P.W.P. 13 0 13-22 1 50 1.10 I I
11 32 26-27 P.W.P. 13 0 23-24 1 50 1.10 I I
11 32 28-35 P.W.P. 13 1 0- 7 1 50 1.10 I tl
11 33 36-45 P.W.P. 13 1 8-16 1 50 1.10 I I
12 34 1- 5 P.W.P. 13 1 18-20 1 50 1.05 " " (blows 2 & not taken)
12 34 6- 9 P.W.P. 13 1 21-24 1 100 1.05 I I
12 35 11-24 P.W.P. 14 0 0-13 1 100 1 .05 1 I
12 36 25-35 P.W.P. 14 0 14-24 1 100 1.05 I I
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SPEC­IMEN
No.
TEST
No.
BLOW
No.
TYPE or 
RESULTS
CARTR­IDGE
No.
TRACK
No.
FILE
No.
CHANNEL
No.
TRANSIENT RECORDER BASE TIME ys
CALIB.FACTOR
C.F.
REMARKS
12 37 36-44 P.W.P. 14 1 0- 8 1 100 ' 1 .05 Tip Transducer
12 38 45-54 I 14 1 9-18 100 1.05 I I
12 39 55-58 I 14 1 19-22 1 100 1.05 I I
12 40 66869 I 14 1 23-24 1 100 1.05 I I
12 41 79-81 tl 13 0 0- 2 1 100 1.05 I I
13 42 1-11 It 15 0 1-10 1 50 1.2 " (No. not
13 43 12-18 I 15 0 11-17 1 50 1.2 I 1
13 44 19-24 I 15 0 18-23 1 50 1.2 I I
13 45 25 I 15 0 24 1 50 1.2 I I
13 45 26-30 I 15 1 0- 4 1 50 1.2 I I
13 46 31-36 I 15 1 5-10 1 50 . 1.2 I I
13 47 37-41 I 15 1 11-15 1 50 1 .2 it I
13 48 42-46 I 15 1 16-20 1 50 1.2 I I
13 49 47-50 I 15 1 21-24 1 50 1.2 It I
14 50 1-10 I 16 0 2- 9 122 50 1 .15 Ch 1 Tip Tra.
14 51 n -17 16 0 10-15 122 50 1 .15 I
14 52 18-26 I 16 0 16-24 122 50 1.15 I
14 53 27-34 I 16 1 0- 5 122 50 1.15 I
14 54 35-41 I 16 1 6-11 122 50 1.15 I
14 55 42-49 I 16 1 12-17 122 50 1.15 I
14 56 50-54 I 16 1 18-22 122 50 1.15 It
14 57 55-56 I 16 1 23-24 122 50 1.15 I
17 59 1-14 P.W.P. 17 0 3-13 1 50 1.2 Tip Transducer
17 59 1-14 Acc.
'
Acc. (F.o.s IV
side
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SPEC­IMEN
No.
TEST
No.
BLOW
No.
TYPE OF 
RESULTS
CARTR­IDGE
No.
TRACK
No.
FILE
No.
CHANNEL
No.
TRANSIENT RECORDER BASE TIME ys
CALIB.FACTOR
C.F.
REMARKS
17 59 15217 P.W.P. 17 0 14816 1 500 1.2 Tip Transd.
17 59 15217 Acc. 17 0 14816 2 500 - Acc. (F.o.s. 5 V.)
17 59 16 P.W.P. 17 0 15 1 10 1.2 Tip Trans.
17 59 16 Acc. 17 0 15 2 10 - Acc.
17 59 18 P.W.P. 17 0 17 1 2000 1.2 Tip Trans.
17 .59 18 Acc. 17 0 17 2 2000 - Acc.
17 59 19-26 P.W.P. 17 0 18-24 1 1000 1.2 Tip Trans.
17 59 19-26 Acc. 17 0 18-24 2 1000 - Acc.
18 60 2817 P.W.P. 17 1 1210 1 50 1.15 Tip Transd.
18 60 2217 Acc. 17 1 1210 2 50 - Acc. (F.o.s. JV.)
18 60 3,8820 P.W.P. 17 1 2,6813 1 1000 1.15 Tip Trans.
18 60 3,8020 Acc. 17 1 2,6813 2 1000 - Acc. "
18 60 487 P.W.P. 17 1 385 1 5000 1 .15 Tip Trans.
18 60 487 Acc. 17 1 385 2 5000 - Acc.
18 60 6 P.W.P. 17 1 4 1 10000 1.15 Tip Trans. 1
18 60 6 Acc. 17 1 4 2 10000 - Acc.
18 60 9,10212 P.W.P. 17 1 7- 9 1 2000 1.15 Tip Trans.
18 60 9,10212 Acc. 17 1 7- 9 2 2000 - Acc.
18 60 18-19 P.W.P. 17 1 11-12 1 2000 1 .15 Tip Trans. 1
18 60 18-19 Acc. 17 1 11-12 2 2000 - Acc.
18 60 22-26 P.W.P. 17 1 14-18 1 2000 1.15 Tip Trans.
18 60 22-26 Acc. 17 1 14-18 2 2000 Acc.
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PROGRAM". AND RESULTS SAVED IN CARTRIDGES 
USING HEWLETT PACKARD COMPUTER (HP 8 5 )
C a r t r i d g e  
N o .  ‘
F i l e
No.
F i l e
Name
B y t e
c /101 1 TEST 00 56
c /101 2 TST 101 56
n 3 TST 102 56
n 4 TST 103 56
ii 5 TST 104 56
n 6 TST 105 56
ii 7 TST 106 56
ii 8 TST 107 56
ii 9 TST 108 56
ii 10 TST 109 56
ii 11 TST 110 56
n 13 TST 112 56
ii 14 TST 113 56
ii 12 K<J)CRIC 256
ii 15 HTTEST 256
ti 16 HTTST 1 256
n 17 HTTST 2 256
it 18 HTTST 4 256
it 23 K1CRIC 256
ii 24 K2CRIC 256
it 29 KFCRIC 256-
ii 31 DISPKR 256
CONTENTS
Kq T e s t  R e s u l t s  U s i n g  GDS S o f t w a r e  
on Dense  L e i g h t o n  B u z z a r d  Sand
ii
n
n
n
ii
n
■I
n
ii
ii
ii
ii
T r i a l  A l g o r i t h m  f o r  KQ u s i n g  
GDS C o n t r o l l e r s  
Programr. . f o r  C h e c k i n g  t h e  
Change  i n  h e i g h t  w i t h  t h e  
d i a l  g a u g e  r e a d i n g s  u n d e r  
d i f f e r e n t  c e l l  p r e s s u r e .
A l g o r i t h m  f o r  r u n n i n g  KQ t e s t
II II II II H
F i n a l  A l g o r i t h m  f o r  r u n n i n g  K0 
t e s t  programme t o  d i s p l a y  t h e  
r e s u l t s  on  t h e  s c r e e n .
411
C a r t r i d g e
No .
F i l e
No.
F i l e
Name
B y t e s
c /101 19 CUTST 1 56
ii 20 CUTST 2 56
ii 21 CCTST 3 56
ii 22 CUTST 3 56
ii 25 CUTST 4 56
ii 30 CUTST 5 56
c /102 1 KFCRIC 256
n 2 K(j)PL0T 256
n 3 DISPLR 256
n 4 K<f>DATA 24000
ii 5 K1DATA 24000
ii 6 K2DATA 24000
n 7 K3 ATA 24000
ii 8 K3DATA 24000
c/ 1 0 3 1 K4DATA 24000
n 2 K5DATA 24000
ii 3 K6DATA 24000
n 4 K7DATA 24000
ii 5 K8DATA 24000
ii 6 KFCRIC
n 7 K(f>PL0T
n 8 P.RECD
ii 9 PIRECD
ii 10 SPPLOT
ii 11 STPLOT
CONTENTS
C o n s o l i d a t e d  U n d r a i n e d  T r i a x i a l  
T e s t s  on Dense  L e i g h t o n  B u z z a r d  
Sand u n d e r  d i f f e r e n t  c e l l  
p r e s s u r e  -  u s i n g  GDS A l g o r i t h m  
and c o n t r o l l e r s .
F i n a l  K0 program.
Program!  f o r  p l o t t i n g  K0 r e s u l t s
Prog ram ;  f o r  d i s p l a y i n g  t h e  r e s u l t s
K0 T e s t  R e s u l t s
F i n a l  KQ p r o g r a m
F i n a l  KQ p l o t t i n g  prog ram:
Programr. f o r  r e c o r d i n g  t h e  
p r e s s u r e
ii
P r o g r a m  .. f o r  p l o t t i n g  c h a n g e  
i n  h e i g h t
412
a r t r i d g e
N o.
F i l e
No .
F i l e
Name
B y t e s CONTENTS
c /201 1 S . P  201 56 • R e s u l t s  u s i n g  GDS s o f t w a r e  
s t r e s s  p a th  201
n 2 S . P  212 56 ii 212
ii 3 S . P  216 56 ii 216
n 4 S . P  217 56 ii 217
n 5 S . P  215 56 ii 215
n 6 S . P  203 56 ii 203
ti 7 S . P  218 56 ii 218
ii 8 S . P  204 56 n 204
n 9 S . P  202 56
ii 202
11 10 S . P  213 56 n 213
ii 11 S . P  219 56 ii 219
n 12 SPPLOT 256 P l o t t i n g  and p r i n t i n g  t h e  
r e s u l t s  w i t h  c o r r e c t i o n
n 13 S . P  207 56 R e s u l t s  s t r e s s  p a t h  207
n 14 S . P  208 56
n n 208
ii 15 S . P  206 56
ii n 206
it 16 S I P  206 56
ii n " 206 r e p e a t e d
n 17 S . P  209 56
n ii 209
ii 18 S . P  220 56 ii ii 220
ii 19 S I P  207 56
ii ii " 207 r e p e a t e d
ii 20 S . P  211 56 II H 211
ii 21 S . P  210 56 II II 210
c /202 1 S . P  205 56 II II 205
n 2 S I P  213 56 II II " 213 r e p e a t e d
it 3 S I P  218 56
It M " 218 r e p e a t e d
n 4 STPLOT 256 P l o t t i n g  and p r i n t i n g  w i t h  
c o r r e c t i o n  s t r e s s  p a t h  212 r e p e a t e d
n 5 S I P  212 56
n it ti
ii 6 S2P 207 56
it
2nd t i m e s .
■ " 207 r e p e a t e d
ii 7 S I P  220 56
ii "  "  220 r e p e a t e d
413
C a r t r i d g e
No.
F i l e
No .
F i l e
Name
B y t e s CONTENTS
c /202 8 S . P  221 56 S t r e s s  pa th  221
n 9 S . P  222 56 ii 222
n 10 S I P  222 56 ii 222 r e p e a t e d
n 11 S . P  223 56 n 223
ti 12 S . P  224 56 ii 224
ii 13 S . P  225 56 ii 225
n 14 S . P  226 56 ii 226
ii 15 S . P  227 56 ii 227
ii 16 S . P  228 56 - n 228
ii 17 S . P  229 56 n 229
n 18 S . P  230 56 n 230
ii 19 S . P  231 56 ii 231
n 20 S . P  232 56 ii 232
ii 21 S . P  233 56 ii 233
ii 22 S . P  234 56 ii 234
H 23 S . P  235 56 it 235
ii 24 S . P  236 56 it 236
c/ 2 03 2 S I P  232 56
n 232 r e p e a t e d
ii 3 S2P 234 56 i 234 r e p e a t e d  2nd t i m e s
ii 4 S3P 234 56 ii 234 " 3 r d  t i m e s
ii 5 S4P 234 56 n 234 " 4 t h  t i m e s
n 6 S I P  217 56 ii 217 r e p e a t e d
ii 7 SPPLOT 256 P l o t t i n g  and p r i n t i n g  w i t h  c o r r e c t i o n
ii 8 STPLOT 256 ii o n l y  w i t h  c o r r e c t i o n
c/203 10 TEST 7 2697 R e s u l t s f r o m  T e s t  7 H a l l  E f f e c t
n 12 KOHIN 256 Program. f o r  f e e d i n g  H a l l  e f f e c t  r e s u l
n 13 TEST 11 1545 R e s u l t s f r o m  T e s t  11 11
414
C a r t r i d g e
No.
F i l e
No .
F i l e
Name
B y t e s
c / 2 0 3 14 TEST 10 4297
n 15 HALLEF 256
ii 16 TEST 14 2953
n 17 F12EC0 256
ii 18 TEST 9 3849
ii 19 TEST 13 2057
ii 20 TEST 12 1993
ii 21 V PLOT 256
n 22 TEST 15 1673
ii 23 TEST 17 2889
n 24 S1/V0L 256
ii 25 TEST 8 3401
c / 2 0 4 1 VPLOT 256
ii 2 TEST 12 2057
ii 3 TEST 13 2121
ii 4 TEST 9 3913
ii 5 S . P  401 56
ii 6 S . P  402 56
n 7 S I P  401 56
ii 8 S . P  403 56
ii 9 S . P  404 56
ii 10 S . P  405 56
ii 11 S I P  405 56
it 12 S . P  406 56
H 13 S . P  407 56
ii 14 S . P  408 56
it 15 S I P  407 56
R e s u l t s  f r o m  T e s t  10 H a l l  e f f e c t  
P l o t t i n g  K0 v a l u e s  H a l l  e f f e c t  
R e s u l t s  f r o m  t e s t  14 H a l l  e f f e c t  
P rogram '  f o r  c o r r e c t i n g  r e s u l t s  
R e s u l t s  f r o m  t e s t  9 H a l l  e f f e c t  
" " t e s t  13 H a l l  e f f e c t
" t e s t  12 "
P r o g r a m  f o r  p l o t t i n g  c h a n g e  i n  v o l u m e  
R e s u l t s  f r o m  t e s t  15 H a l l  e f f e c t
i i it -j -j i i
P r o g r a m  f o r  s t r a i n  g a u g e  N o .  1 o n l y  
R e s u l t s  f r o m  t e s t  8 H a l l  e f f e c t  
P ro grami  f o r  p l o t t i n g  c h a n g e  i n  v o l u m e  
R e s u l t s  f r o m  t e s t  12 H a l l  e f f e c t
it ii ii 1 0  ii ii
ii ii ii g  n ii
R e s u l t s  u s i n g  GDS s o f t w a r e  s t r e s s  p a t h  401
402
401 r e p e a t e d
403
404
405
405 r e p e a t e d
406
407
408
CONTENTS
407 repeated
415
C a r t r i d g e F i l e F i l e B y t e s
No. N o . Name -
c/ 2 05 1 TEST 22 3529
ii 2 HALLEF 256
ti 3 VPLOT 256
a 4 TEST 21 1353
ii 5 KOHIN 256
ii 6 TEST 23 2953
it 7 MBHLEF 256
H 8 TEST 33 2377
R e s u l t s  f r o m  T e s t  22 H a l l  e f f e c t  
P r o g r a m - . f o r  p l o t t i n g  K0 
Program,  f o r  p l o t t i n g  v o l u m e  c h a n g e
R e s u l t s  f r o m  t e s t  21 H a l l  e f f e c t  
Program;  f o r  s t o r i n g  r e s u l t s  
R e s u l t s  f r o m  t e s t  23 H a l l  e f f e c t  
Program* f o r  p l o t t i n g  K0 
R e s u l t s  f r o m  t e s t  33 H a l l  e f f e c t
CONTENTS
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APPENDIX I I I
AVERAGE PORE WATER PRESSURE VERSUS 
TIME FROM F I F T Y  ONE DYNAMIC PENETRATION TESTS 
T he  d a t a  a s s o c i a t e d  w i t h  e a c h  g r a p h  a r e  as  f o l l o w s :
1 -  S t r e s s  p a t h  and s t r e s s  l e v e l  o f  e a c h  t e s t  can  be  f o u n d  f r o m  
f i g u r e s  6 . 1 7 - 6 . 1 9  i n  C h a p t e r  6 and T a b l e s  7 . 4 - 7 . 7  i n  C h a p t e r  7 .
2 -  S o i l  t y p e  and d e n s i t y  o f  e a c h  t e s t  can be  f o u n d  f r o m  
f i g u r e s  7 . 7 - 7 . 3 1  and  T a b l e s  7 . 4 - 7 . 7  i n  C h a p t e r  7 .
3 -  The  number o f  b l o w s  and o t h e r  d e t a i l s  can be s e e n  on t h e  
T a b l e s  i n  A p p e n d i x  I I .
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FIG-7. 5 1  P O R E  P R E S S U R E  V. T I M E  ( T e s t  8 )
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F I G : 7 .  8 1  P O R E  P R E S S U R E  V. T I M E  (  T e s t  3 8  )
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TIME (m i 11i  »©o©nd)
F I G : 7 . 8 2  P O R E  P R E S S U R E  V. T I M E  (  T e s t  3 9  )
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TIME (mi 11isecond)
F I G s 7 ,  8 3  P O R E  P R E S S U R E  V ,  T I M E  (  T e s t  4 0  )
PO
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F I G : 7 .  8 4  P O R E  P R E S S U R E  V .  T I M E  (  T e s t  4 1  )
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TIME (millisecond)
F I G ; 7 .  8 5  PO R E  P R E S S U R E  V. T I M E  (  T e s t  4 2  )
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TIME (millisecond)
F I G : 7 .  8 6  P O R E  P R E S S U R E  V .  T I M E  (  T e s t  4 3  )
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TIME (m illi second)
F I G : 7 .  8 7  P O R E  P R E S S U R E  V. T I M E  C T e s t  4 4  )
PO
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F I G : 7 .  8 8  PO R E  P R E S S U R E  V. T I M E  (  T e s t  4 5  )
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TIME (millieocond)
F I G : 7 .  8 9  P O R E  P R E S S U R E  V .  T I M E (  T e s t  4 6  )
PO
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TIME (mi 11isecond)
F I G : 7 .  9 0  P O R E  P R E S S U R E  V .  T I M E  (  T e s t  4 7  )
PO
RE
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TIME (m i 11ieocond)
F I G s 7 .  9 1  P O R E  P R E S S U R E  V. T I M E  (  T e s t  4 8  )
PO
RE
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TIME (mi 11isecond)
F I G : 7 .  9 2  P O R E  P R E S S U R E  V. T I M E  < T e s t  4 9  )
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F I G : 7 .  9 3  P O R E  P R E S S U R E  V. T I M E  (  T e s t  5 0  )
TIME (millisecond)
F I G : 7 .  9 4  PO R E  P R E S S U R E  V. T I M E  (  T e s t  51  )
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TIME (m i 11ieocond)
F I G s 7 .  9 5  P O R E  P R E S S U R E  V. T I M E  < T e s t  5 5  )
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